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ABSTRACT 
Terrestrial Water Balance (TWB) incorporates the combined effects of precipitation and 
evaporation, and is an important factor influencing agricultural and hydrological 
processes and management. This study analyses the TWB components at five stations 
in central Victoria from 1972 - 2013, a region which spans a range of agricultural and 
hydrological regimes. These stations represent distinct climatic and geographic locations 
including the dry inland plains, the Great Dividing Range and the southern coastal area.  
This research focuses on the ‘Growing Season’ from March - November; a period where 
increased availability of moisture is critical for commencing, maintaining and ceasing a 
variety of agricultural practices. Moisture surplus is known as ‘Effective Precipitation’ and 
is represented by a Precipitation/Evaporation (P-E) ratio >1.  Whilst the combined P-E 
ratio is significant, an emphasis is placed upon examining individual meteorological 
components which determine the TWB.  
Hence rainfall and pan evaporation characteristics are analysed on both monthly and 
seasonal timescales within the 'Growing Season'. Trends in rainfall are fairly consistent 
across all stations with ongoing declines generally observed in all months except 
November, most notable in April, May and October. Pan evaporation displays much 
more variation between stations with both strong positive and negative trends evident 
throughout the station network in each season.                                                                                            
The varying trends in pan evaporation between the stations suggest that the same large 
scale conditions can result in vastly different effects locally, owing to topographic and 
geographic factors. The influence of El Niño - Southern Oscillation (ENSO) and Indian 
Ocean Dipole (IOD) on pan evaporation is widespread and statistically significant during 
Winter and Spring. The Southern Annular Mode (SAM) displays marked intra-seasonal 
influence which appears to be highly location dependent. Consistent with the literature, 
rainfall shows increasing correlations with ENSO and IOD through Winter before peaking 
in Spring at all stations. Interestingly, despite changes in teleconnection strength over 
time, these tropical climate drivers display a stronger relationship with pan evaporation 
than rainfall over the full analysis period. 
Therefore an opportunity may exist to use such relationships to develop seasonal 
forecasts of evaporation, similar to what is currently employed for seasonal rainfall 
forecasting. This is important as Effective Precipitation is significantly influenced by the 
evaporative component of the TWB. Critically, this study shows that variations in such 
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elements need to be considered on a regional basis, bearing in mind differences in 
geographic and topographic location, as well as intra-seasonal regimes within the overall 
Growing Season.      
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CHAPTER 1 INTRODUCTION 
1.1 Background to research context 
South-eastern Australia and the state of Victoria have experienced marked climatic 
changes in recent decades. Of particular note, was the persistence of very dry 
conditions, often called the Millenium Drought, from 1997-2009 (Larsen & Nicholls 2012). 
This period was characterised by very low rainfall through all seasons, but particularly in 
Autumn, and has been the subject of extensive research effort in recent times. This 
research effort has largely involved attempts to understand the nature of the rainfall 
decline, as well as the atmospheric processes which may be contributing to the situation  
(Verdon-Kidd et al. 2014). 
The majority of these studies have generally focused on the broader South-eastern 
Australian (SEA) region, and how the reductions in rainfall compare in a historical sense 
with both the instrumental record, and occasionally against proxy developed estimates of 
rainfall over the past couple of centuries. Combined with warmer temperatures since the 
start of the 20th century, there is no doubt that the occurrence of drought is significantly 
driven by reductions in rainfall (Nicholls 2004). 
In this research, a variation on the common approach of understanding meteorological 
wet and dry periods solely in terms of rainfall fluctuations is examined. This approach 
focuses on the individual processes that contribute to the Terrestrial Water Balance 
(TWB) – precipitation in the form of rainfall, and evaporation as measured by pan 
evaporation. Separate investigation of these two variables and how they vary spatially 
and temporally at selected stations within central Victoria, form the bulk of the analysis. 
After analysing the historical trends and changes in these elements, a perspective will be 
gained on the effectiveness of precipitation - the amount of moisture available when 
evaporation is also considered. This net moisture amount considering atmospheric 
moisture exchange through rainfall and evaporative processes, offers a different and 
more complete perspective of terrestrial moisture availability than viewing rainfall 
changes in isolation. 
The decision to analyse both rainfall and evaporation from 1972-2013, was brought 
about by recent studies that have reported a decrease in pan evaporation across much 
of Australia during recent decades. When viewed in the context of a general drying trend 
across SEA since the mid 1990s, it seems plausible that any decline in evaporation may 
be able to mitigate to some extent, the effects of the decline in rainfall. The interaction 
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and combined effects of rainfall and evaporation on terrestrial moisture availability, has 
long been a significant consideration in many agricultural processes in SEA. In these 
regions, the concept of ‘Effective Rainfall’ is crucial for agricultural and irrigation regimes, 
and is perhaps more meaningful than the absolute amount of rainfall viewed by itself. 
In order to better understand how rainfall and pan evaporation have varied over time, this 
research seeks to link such changes to large scale drivers of climate variability. Such 
drivers have been rigorously studied in terms of their influence on rainfall and 
temperature in Australia. This is the first known instance of relating such influences to 
pan evaporation. 
The strong agricultural significance of understanding the large scale processes that drive 
rainfall and pan evaporation, lends this study to focusing on the ‘Growing Season’ in 
central Victoria incorporating the Autumn, Winter and Spring seasons. Another area 
which remains basically unexplored in the literature, is the significance of sub-seasonal 
variations in rainfall and pan evaporation, and changes in their relationship with major 
climate drivers. The dissection of the 1972-2013 period on a monthly and seasonal scale 
allows for an examination of short term variations which may be masked when the 
Growing Season as a whole is analysed. Finally, an overall P-E index as a measure of 
Effective Rainfall, is derived for the Growing Season to better understand the combined 
influence of rainfall and evaporation to the overall terrestrial moisture balance over recent 
decades. Spatial differences in these processes across the region are also examined.    
 
1.2 Study region 
1.2.1 Geography 
The focus region in this research occurs in SEA, specifically in the southern most 
mainland state of Victoria. A narrow north-south zone in central Victoria, captures a 
marked latitudinal gradient of maritime influence, and contains the stations used in this 
research (Fig. 1). The southern end of the focus zone touches the Victorian coastline 
which is strongly influenced by the vast expanse of Southern Ocean to the west, south 
and east. The focus zone extends across the western sector of the Great Dividing Range 
and into northern Victoria which is characterised by extensive, relatively low and flat 
plains which extend further north into the Murray-Darling Basin of SEA. 
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Figure 1: Map of Australia showing the region of Victoria analysed in this study; and 
(inset) the north-south zone where the rainfall and pan evaporation stations are located 
(Sources: en.wikipedia.org; Google Earth). 
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1.2.2 Topography 
 
Figure 2: Three-dimensional image of Victorian elevation map (Source: Vic DEPI). 
The topography across the north-south zone used in this research shows a marked 
gradient of geomorphic landscapes (Fig. 2). The southern coast and Corio Bay area falls 
within the eastern region of the vast volcanic plains which cover much of south-western 
Victoria (DEPI 1981a; DEPI 1981b). These plains are gently undulating and of moderate 
local relief, generally not surpassing 300 metres above sea level (asl).  
To the northwest of Corio Bay lies the Western Uplands which form the western sector of 
the Great Dividing Range in Victoria. This area of elevated plateaux divides catchments 
that flow north into the Campaspe and Loddon catchments of the Murray-Darling Basin 
(Lorimer & Schoknecht 1987; Schoknecht 1988) and those which drain south and empty 
into the Southern Ocean through the Barwon Basin, or into Port Phillip Bay. The 
generally subdued nature of the uplands means that local relief is rarely greater than 
about 70 metres, and is characterised by elevated rolling hills and undulating plains (King 
1979). The presence of basalt lava flows resulting from relatively recent volcanic activity 
in western Victoria, results in localised areas of particularly steep terrain associated with 
scoria cones which rise abruptly from the surrounding plains. Some cones have local 
relief of over 200 metres from base to summit, and rise to 750 metres asl. General 
elevation ranges across the Western Uplands occur in the 400-700 metres asl range with 
the highest parts approaching 900 metres asl (King 1979; Lorimer & Schoknecht 1987; 
Schoknecht 1988). 
Further inland and north, the uplands gradually decrease in height. Gentle, rolling 
topography gives way to vast, generally undulating alluvial plains which form a southern 
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extension of the Riverina plain to the north (Lorimer & Schoknecht 1987; Schoknecht 
1988).      
 
1.2.3 Land Use 
Land use across the region varies widely and is mainly determined by climatic factors 
and to a lesser degree geomorphology. The latter includes geology, soils, and other 
landscape variables such as topography which were discussed in Section 1.2.2. The 
focus of this section regarding land use is predominantly concerned with the effects of 
climate: how it varies within the region and throughout the Growing Season, and how this 
enables or restricts certain land use activities. Given the significant changes that have 
occurred to the climate of SEA over recent decades, there will also be analysis of how 
such changes have impacted upon certain agricultural practices and any modifications 
that have been made to adapt to climate change. 
In the northern part of the study region, particularly on the drier northern plains, cropping 
is the most widespread land use. The most common form of cropping is wheat, with 
other popular crops including oats, barley, rape, peas and lupins (Lorimer & Schoknecht 
1987; Schoknecht 1988). Despite the lower rainfall and greater evaporation, additional 
moisture is gained through irrigation water sourced from the Goulburn River system to 
the east (Schoknecht 1988). Further south the inland plains transition into the northern 
slopes of the Great Divide with increased rainfall and lower temperatures. There is also a 
gradual change from a cropping dominated regime to grazing, resulting from more 
favourable moisture conditions (Vic DEPI 2014a). Sheep and beef cattle are the main 
forms of grazing in these areas, while dairy cattle occurs only in the highest rainfall areas 
straddling the Great Divide or those areas which receive regular and significant  irrigation 
(Schoknecht 1988; Vic DEPI 2014a). There are also areas of forest throughout the 
wettest parts of the Great Divide that are conserved in nature reserves. Those areas not 
reserved are often used in Forestry practices (Lorimer & Schoknecht 1987; Schoknecht 
1988). In high rainfall zones, timbers like Messmate Stringybark, Narrow-leaf 
Peppermint, Manna Gum and Candlebark are extracted for use as general construction 
materials. Exotic softwoods like Radiata Pine are planted in areas of favourable moisture 
conditions and are utilised for pulpwood and sawn timber purposes (Schoknecht 1988). 
 
Higher rainfall, lower temperatures and evaporation occur on elevated areas of the Great 
Dividing Range in central Victoria, particularly on south facing slopes. Th is lends itself to 
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a generally longer and more reliable Growing Season although a confounding factor is 
the prevalence of low temperatures during winter which significantly inhibits or halts plant 
growth despite favourable moisture availability (King 1979; Lorimer & Schoknecht 1987). 
One practice that thrives on the dormancy associated with the low temperatures is potato 
farming which is particularly common in the highest areas situated on fertile volcanic 
soils (King 1979; Schoknecht 1988; Vic DEPI 2014a). Like the northern slopes, 
increasingly favourable moisture conditions are conducive to forest development. Vast 
amounts of native forest have been cleared in the time since European settlement, 
initially as part of the gold rush boom in the 1850s, and then later for agricultural use 
(Schoknecht 1988). Those areas of native forest still remaining are often in relatively 
steep, high rainfall areas where access is hindered somewhat. Such areas are largely 
designated as nature reserves or still utilised for timber production (Lorimer & 
Schoknecht 1987; Schoknecht 1988). Again grazing and cropping are the two main land 
uses depending on local water availability.  
 
The region on and south of the ranges has arguably seen the greatest change in climatic 
regime in recent decades, particularly since the start of the Millenium Drought in the mid 
1990s (BOM 2006; Timbal & Fernandez 2009). Lower Growing Season rainfall, 
especially in Autumn, and milder temperatures stand out as the most pronounced 
changes over this time (Murphy & Timbal 2008). Depending on the specific agricultural 
pursuit in question, these changes have resulted in changes of land use practices, with a 
range of both positive and negative consequences experienced:  
 
 Milder temperatures in Winter have resulted in increased pasture growth which 
has been beneficial to livestock like sheep and cattle; 
 Drier conditions associated with reduced rainfall in Autumn has meant that 
supplementary feeding of livestock has been more widespread in recent decades. 
Such feed shortages have sometimes extended into Winter during the driest 
years, either due to ongoing rainfall deficiency or because the resumption of 
reliable rainfall occurs once the coldest temperatures have set in, making 
temperature the inhibiting factor to pasture growth; 
 Particularly in more marginal areas, the reduced cool season rainfall regime and 
warmer temperatures have led to a shortening of the Growing Season, which has 
tended to favour an increased cropping presence in such areas; 
 Water logging and subsequent reduced pasture growth has been less of an issue 
in recent decades due to lower Growing Season rainfall; 
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 Perennial pastures have suffered due to reduced soil moisture and more intense 
livestock grazing due to shortages in such pastures associated with drier 
conditions; 
 Lower rainfall has reduced the inflows into water storages meaning that less 
water is available for irrigation purposes (Vic DEPI 2014a). 
 
Across inland and coastal areas of southern Victoria, rainfall shows quite marked 
changes depending on exposure or sheltering from topography (Pitt 1991). A large 
swathe of central southern Victoria is unusually dry given its relative proximately to the 
Southern Ocean. This is mainly due to an extensive rainshadow effect cast by the Otway 
Ranges to the southwest (Pitt 1991). Much of southern Victoria away from the coast is 
located on the fertile volcanic plains which are favourable for cropping and grazing 
despite the lower rainfall (Vic DEPI 2014b). The production of native Blue Gum forestry 
has increased in recent decades across southern Victoria. In higher rainfall areas near 
the coast, dairy farming is widespread, especially where rich volcanic soils exist (Vic 
DEPI 2014b). Significant land use issues in southern Victoria relating to recent changes 
in climate have occurred. Negative aspects include: 
 
 Reduced runoff into water storages; 
 Drier soil profiles; 
 Tighter finishes to the Growing Season resulting from depletion of reduced soil 
moisture; 
 Grain quality has suffered from severe frosts associated with more regular 
drought conditions (Vic DEPI 2014b). 
 
Whereas positive effects of recent climatic changes include: 
 
 Reduced water logging of soils due to lower rainfall; 
 Such drier conditions have generally left increased opportunities and improved 
conditions for crops to be harvested; 
 Crop yields have generally increased due to warmer temperatures (Vic DEPI 
2014b). 
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1.3 Regional Climate 
The climate of central Victoria displays marked but gradual changes in climate 
depending on latitude, aspect and elevation (Wright 1989). In the south, the proximity of 
the Southern Ocean has a major influence on temperature, rainfall and wind regimes. 
Inland from the coast, the influence of the Southern Ocean becomes less noticeable as 
the lower, flatter plains are subject to a sheltering effect resulting from the presence of 
the coastal Otway Ranges (Pitt 1991). Further inland there is a gradual increase in 
elevation to the Great Dividing Range. The greater elevation modifies the climate, with 
aspect and local topography resulting in marked microclimatic variations over relat ively 
short distances (King 1979; Lorimer & Schoknecht 1987). The Great Divide effectively 
delineates between those areas more exposed to maritime influences from the Southern 
Ocean, and those which experience a significant degree of continentality from the north 
(Vic DEPI 2014a). The effect of elevation becomes less as the northern slopes of the 
Great Divide transition into the vast inland plains which are effectively sheltered from the 
Southern Ocean. Interestingly, there is generally a dearth of information available 
detailing regional climate regimes in Victoria. Technical Reports sourced from State and 
local governments, and regional climatologies from Soil Conservation Authority and Land 
Council reports published in the 1970s and 1980s, provide the bulk of useful information. 
The vast majority of climate studies have focused on SEA generally which at times has 
included parts of Tasmania, South Australia, NSW and the ACT (e.g. Murphy & Timbal 
2008; Timbal & Fernandez 2008; Timbal et al. 2010 etc). Studies that have been 
restricted to Victoria have tended to use single station sites in various regions to 
demonstrate geographic differences to particular climate variables e.g. rainfall, 
streamflow, relation to climate drivers et al. (Wright 1989; Verdon-Kidd & Kiem 2009b).   
 
1.3.1 Rainfall 
The primary factor affecting rainfall regime and seasonality in the region (Fig. 3) is 
geographic position relative to the Great Divide (i.e. north or south). On and south of the 
ranges, there is frequent exposure to maritime influences from the Southern Ocean, 
especially in Autumn, Winter and Spring (Wright 1989). Such oceanic airmasses are 
associated with mid latitude low pressure systems, as well as accompanying frontal and 
trough features (Pitt 1991). During the coolest months, the effects of these mid-latitude 
systems are felt furthest north, with cold fronts a frequent phenomena, sometimes 
moving across Victoria from west to east on a daily basis. The airflow behind the front is 
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onshore from the west, southwest or south, and brings frequent showery conditions to 
coastal areas and southern Victoria generally (Wright 1989). Such airstreams are subject 
to significant modification on a very local scale depending on topography. Rainfall on the 
west and southwest aspects of hills and ridges can be significantly enhanced in such 
flows (Wright 1989). A prime example of this occurs in the Otway Ranges in southwest 
Victoria near Cape Otway. This mountain range rises abruptly from the coastal fringe, 
forming a physical barrier that impedes the path of moist airstreams originating from the 
southwest, which are forced to rise up and over the mountain range. The impediment of 
moist oceanic air results in significant amounts of orographic precipitation, with the most 
favourable parts of the Otway ridge receiving annual rainfall totals of 2,000 mm (Wright 
1989; Pitt 1991). In this study, the selected rainfall stations are largely free from such 
dramatic local effects and hence are more indicative of regional rainfall variations due to 
elevation and distance from the ocean.  
The Otway Ranges extend eastwards to near the most coastal rainfall station used in our 
study – Wurdiboluc Reservoir. In this area, the range is significantly lower than on the 
main ridge near Cape Otway, mainly consisting of low undulating hills. The main ridge of 
the Otways extends a rainshadow influence east and northeast over large parts of 
southern central Victoria (Pitt 1991). Hence despite the close proximity of the Southern 
Ocean, Wurdiboluc’s mean rainfall is somewhat less than what would usually be 
expected given its geographic location. To the immediate north, the reduced rainfall is 
further exacerbated with the area around the western side of Port Philip Bay receiving 
annual rainfall as low as 450mm (Vic DEPI 2014a).  
Further north at increasing elevation associated with the Great Dividing Range, the 
rainshadow effect ceases, and the effects of elevation and topography become dominant 
factors affecting precipitation processes (King 1979; Lorimer & Schoknecht 1987; 
Schoknecht 1988). Hence there is a generally positive linear trend in rainfall as the 
higher parts of the range is reached, although aspect associated with topographic 
features can result in local variations on this principle (Wright 1989). The two stations 
used in this study which are located on the Great Dividing Range (White Swan and 
Moorabool Reservoirs), are at elevations greater than 500 metres, and possess the 
highest annual rainfall averages of all the stations. The affect of the ranges on rainfall is 
noticeable compared to areas lower down, with the ranges maximising the effectiveness 
of rain-bearing processes through orographic uplift. This effect is particularly noticeable 
during the coldest months (Lorimer & Schoknecht 1987; Schoknecht 1988). As well as 
the positive effects of elevation, stations on the ranges are more exposed to rain-bearing 
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systems from both the north and south, whereas lower slopes tend to be either on the 
windward or lee side of the mountains depending on wind direction.  
 
 
Figure 3: Mean monthly rainfall 1972-2013 at stations used in this study (Source: BOM). 
This is the case on the northern slopes and plains, where the effect of Southern Ocean 
airmasses rapidly diminishes. As a result, there is a reduction in showery weather north 
of the divide and a lower rain day frequency (Lorimer & Schoknecht 1987; Schoknecht 
1988). However, inland areas are better placed to extract moisture from rain-bearing 
systems that originate from the north (Wright 1989; Whetton 1990). During the cooler 
months of the year, cold fronts may link with moisture to the north, creating what is often 
called a “northwest cloudband” (Whetton 1990; Murphy & Timbal 2008). This usually 
brings significant rains to inland areas. Cut off low pressure systems over land often 
provide rain which favours those areas north of the divide (Pook et al. 2006, 2009). In all 
of these situations, a northerly airstream develops ahead of the respective system and 
the moisture sourced from tropical origins filters down in this airflow depositing rainfall 
which is enhanced even by modest orographic uplift, on northern slopes of the Divide. In 
southern Victoria, rainfall may still occur, though it is usually somewhat lighter being on 
the sheltered side of the ranges.   
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1.3.2 Pan Evaporation 
No previous studies concerning regional pan evaporation trends or characteristics in 
Victoria are known. It is believed that this is the first study that will examine regional pan 
evaporation in Victoria. Mean monthly pan evaporation during the Growing Season at 
each station from 1972-2013 is shown in Figure 4. 
 
Figure 4: Mean monthly pan evaporation 1972-2013 at stations used in this study 
(Source: BOM). 
 
1.3.3 Large scale climate drivers 
Located in the mid latitudes, SEA is subject to the alternating influence of tropical and 
high latitude drivers of variability. The effects of these drivers vary seasonally and can 
show marked variability in timing, frequency, duration and intensity from year to year. 
Much of the rainfall variability can be attributed to the state and intensity of large scale 
climate circulations which drive the climate of SEA.  
 
El Niño Southern Oscillation - ENSO 
A significant component of the global climate system, ENSO refers to the state of the 
atmospheric/oceanic phase in the Pacific Ocean. Essentially, ENSO refers to the east-
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west gradient in sea and sub-surface temperatures (SSTs) which creates a pressure 
differential across the Pacific basin (Risbey et al. 2009b).  
When a La Niña phase occurs, anomalously warm SSTs exist in the western Pacific near 
Australia and Indonesia. Cold SSTs are located in the central eastern Pacific. The 
warmer waters near Australia favour lower pressure and enhanced evaporation to the 
atmosphere which coupled with stronger trade winds, convey increased moisture flux to 
Australia. Drought conditions are common in the eastern Pacific and near South America 
during La Niña. El Niño events see the area of warm SSTs move to the eastern, or has 
been common in recent decades the central Pacific, bringing increased rains to those 
regions. Higher pressures prevail over Australia, generally leading to drier conditions. 
ENSO events don't usually develop any earlier than June, and sometimes may not occur 
until early Summer. The vast majority of ENSO events evolve during Winter-Spring with 
peak strength occurring during Spring, and decay by late Summer (Risbey et al. 2009b).  
 
Indian Ocean Dipole - IOD 
Compared to ENSO, the clear identification of a similar oceanic/atmospheric coupled 
system in the Indian Ocean did not occur until more recent decades (Saji et al. 1999). 
Previously, it had been noted that basin wide patterns of SST anomalies did exist, and 
were strongly correlated with certain meteorological phenomena in parts of Australia 
during particular seasons (Nicholls 1989). Though several different names and 
classifications for describing the nature of such variations in the Indian Ocean exist, they 
all emphasise the significance of a zonal SST gradient between the west and east of the 
basin (Saji et al. 1999; Meyers et al. 2007). Like ENSO, this in turn affects the direction 
and strength of winds across the basin thus determining regions of increased or reduced 
atmosphere moisture flux. The IOD reflects this zonal gradient between SST anomalies 
in the west near Africa, and those in the east usually around Indonesia. A negative phase 
(-IOD) occurs when SSTs in the east are warmer than the west, and in an Australian 
context could be seen as the Indian Ocean version of La Niña, in that it is usually 
associated with increased advection of tropical moisture towards the mainland. 
Conversely, during the positive phase (+IOD) cooler SSTs occur in the eastern sector 
with warmer anomalies in the west (Saji et al. 1999). Typically the IOD regime appears 
during May-June and has peak influence during September-October before rapidly 
dissipating. 
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Southern Annular Mode - SAM 
The SAM describes a zonally symmetric or annular structure in circulation around the  
South Pole which moves north and south between the mid and high latitudes of the 
Southern Hemisphere (Ho et al. 2012). The westerly winds associated with this 
circulation weaken and undergo equatorward expansion during a –SAM event. The 
opposite is true of a +SAM phase where the westerly winds strengthen and contract 
towards Antarctica (Hendon et al. 2007). The westerly circulation is characterised by 
strong winds, locally known as the “Roaring Forties”, and “Furious Fifties”, and are an 
area of active disturbances and frontal systems (Fig. 5). The SAM has been shown to 
vary on weekly, monthly and seasonal timelines, and is recognised as the major source 
of ex-tropical variability in the Southern Hemisphere throughout the year (Meneghini et 
al. 2007). 
 
Figure 5: Schematic representation of synoptic scale flow in Australian longitudes during 
+SAM and –SAM phases. The red line indicates the jetstream position (Source: Google 
Earth). 
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Subtropical Ridge (STR) 
The Subtropical Ridge (STR) is defined as the “maximum of the zonally averaged MSLP 
over eastern Australia, covering the area of 10°–44°S, 145°–150°E” (Drosdowsky 2005; 
Cai et al. 2011; Cai & Cowan 2013; Timbal & Drosdowsky 2013; Whan et al. 2013). 
Associated with calm, clear conditions and generally suppressed rainfall, it forms the 
descending branch of a larger global circulation called the Hadley Cell. The Hadley Cell 
evolves from the vast uplift of warm air near the equator which then moves polewards 
before sinking to the surface between 30°S-40°S and then returning to the equator 
region as surface trade winds (Post et al. 2014). Hence the STR is marked by subsiding 
air and globally is associated with regions of aridity in the mid latitudes.  
The STR forms a distinct barrier separating westerly circulations to the south from 
easterly flow to the north. The seasonal movement of the STR occurs such that it 
reaches its northernmost position around 29°S in August-September, and is furthest 
south during February at about 40°S (Cai et al. 2011; Timbal & Drosdowsky 2013; Whan 
et al. 2013). Whilst the STR is not explicitly analysed in this research, it is a common 
feature within the following literature review owing to its possible connections with 
climate drivers ENSO, IOD and SAM. 
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CHAPTER 2 LITERATURE REVIEW 
 
The TWB incorporates the ratio of meteorological and hydrological components 
precipitation and evaporation as a measure of moisture availability. There is an 
increasingly large volume of research literature detailing observed changes in SEA 
climate. In the TWB context, the majority of this research relates to the precipitation 
component. The most recent decades have coincided with a time of substantial change 
in the global climate system which has included the Millenium Drought in SEA. This has 
acted to raise the public and media interest in climate change, especially with regards to 
global warming, and has spawned an increasing volume of research into changes in the 
region. Most of the interest has been on mainland SEA, rather than subregions, or for 
example the focus region of this research, central Victoria. Though the majority of 
research is concerned with broader SEA, it is still highly relevant to central Victoria, 
particularly in terms of teleconnections with large scale climate drivers. Hence much of 
the following commentary reflects on climatic changes in the broader SEA context. This 
present research seeks to complement the existing literature, by investigating changes at 
a local and sub regional scale. In keeping with the seasonal and subseasonal nature of 
the current research, attempts are made to tailor the review from this temporal 
perspective, though it is not always possible to document seasonal changes of some 
atmospheric variables. Pan evaporation research for example, is strongly orientated 
towards annual and longer timeframes in the literature. Conversely there is ample 
literature available relating to atmospheric circulation and precipitation to allow for 
seasonal analysis in these areas. In summary, this review is concerned with elements 
that influence the TWB, their spatial variation in SEA, and how they have changed over 
time as documented by the literature. The research which follows on from this review 
aims to further narrow down the spatial and temporal resolution of fluctua tions in such 
elements as they relate to a region of distinct climatic gradients within Victoria.    
 
2.1 Background: South-Eastern Australia Climate Change 
 
To provide context, a brief overview of SEA climate change is provided. This will assist in 
understanding changes in the TWB and how this relates to central Victoria from an 
agricultural, hydrological and environmental perspective. 
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Higher Temperatures 
 
Australia-wide mean temperatures have increased since 1900, averaging 0.09°C/decade 
from 1900-2006, with an acceleration during the later part of the 20 th century, averaging 
0.19°C/decade during 1970-2006 (Murphy & Timbal 2008). Such increases are 
consistent with global temperature increases observed over the same period (BOM & 
CSIRO 2012).  
Similar temperature trends have been observed in SEA, including Victoria. Average 
temperatures have increased over SEA by about 0.7°C since 1910 (Trewin et al. 2010), 
and have been observed across all seasons (Murphy & Timbal 2008). Significant 
increases in maximum temperatures have occurred (Murphy & Timbal 2008) whilst a 
similar pattern is evident with minimum temperatures though increases are not as 
marked during all seasons (Murphy & Timbal 2008; Trewin et al. 2010).  
The frequency of ‘extremely high’ maximum temperatures have increased since 1996 
across Australia, including SEA (Trewin et al. 2010). The increasing occurrence of 
extreme high temperature maximums, was reflected by the fact that during 1997-2009, 
"record highs outnumbered record lows by ratios of 2.4 to 1 for maxima and 2.1 to 1 for 
minima” across Australia (Trewin et al. 2010). The increase in record high maxima being 
most pronounced in southern Australia (Trewin et al. 2010). 
 
Reduced rainfall 
Analysis of long term annual rainfall records back to 1900 display very little overall trend 
across SEA generally (Murphy & Timbal 2008). Wetter and drier periods tend to balance 
out when viewed from a continuous long term perspective. Fluctuations between wet and 
dry periods are not consistent in magnitude, timing, frequency and duration in SEA. In a 
long term context, there appears to be noticeable 'step changes' within the rainfall 
record. 'Step changes' are associated with a switch to predominantly above or below 
average rainfall conditions which often persist for a number of decades. Such a 'step 
change' appears to have occurred around the late 1940's in Victoria and SEA generally 
(Murphy & Timbal 2008). The step change towards wetter conditions occurring at the 
conclusion of the World War II (WWII) Drought, was associated with a prolonged period 
of predominantly ‘wetter’ conditions than had been experienced in the first half of the 20 th 
century.    
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Extended ongoing rainfall deficits commenced through much of Victoria and SEA during 
late 1996. Over the next decade, these rainfall deficits persisted and gradually became 
more widespread and severe, the cumulative effect resulting in unprecedented drought 
throughout much of SEA and Victoria (BOM 2006). During this period, rainfall deficits first 
started to accrue and were most marked in central Victoria, extending into other regions. 
The general decline in overall rainfall across SEA was marked by a complete absence of 
wet or even average years, with rainfall from 1997-2009 generally reduced by 20-25% of 
the annual mean. During the driest years (e.g. 2006), annual rainfall totals were the 
lowest on record at many rainfall stations with long term records exceeding 100 years 
(BOM 2006). 
As noted previously, the reduction in rainfall from 1997 associated with the Millenium 
Drought, occurred against a backdrop of increasing temperatures both locally and 
globally. Such temperature increase is believed to be related to increasing greenhouse 
gas emissions and/or depletion of atmospheric ozone concentrations (Murphy & Timbal 
2008; Nicholls 2009; Timbal & Fernandez 2009).  
 
Changed Seasonality of Rainfall 
Despite the overall reduction in annual rainfall over SEA and Victoria since 1997, the 
magnitude of the decline has been shown to vary throughout the year. A significant 
amount of research has been carried out during the last two decades to try to ascertain 
the nature of the decline as well as the driving mechanisms. Whilst there is still much to 
be learnt with regards to the atmospheric mechanisms and climate drivers responsible 
for the decline, there is now a large volume of literature and hence a greater 
understanding of the nature of the rainfall decline in SEA. It is now apparent that the 
nature and magnitude of the rainfall decline, is strongly related to seasonal influences. In 
some cases, it has been shown that some recent seasonal rainfall changes had actually 
existed for some time prior to the commencement of the Millenium Drought (Verdon-Kidd 
et al. 2014). 
Recent decreases in SEA rainfall have been observed in Autumn, Winter and Spring 
which is when the bulk of the annual rainfall occurs (Timbal & Fernandez 2009). 
Seasonal declines in SEA can be traced back to the early 1970s for Autumn, the 1990s 
for Winter and the beginning of the 21st century for Spring (Timbal et al. 2010). 
Interestingly, it seems that the earlier the start of the seasonal decline, the larger the 
contribution of that season to the recent Millennium Drought (1997-2009) rainfall 
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deficiency (Timbal et al. 2010).   
 
Drought 
Changes in the amount and seasonality of precipitation, combined with a warming 
climate, have resulted in changed hydrological regimes in recent decades (Nicholls 
2004). However the resultant decrease in water availability, both in surface and 
groundwater reserves, has been of a magnitude much greater than the rainfall decline by 
itself would have suggested (Verdon-Kidd & Kiem 2009b). Much stress was placed on 
such systems during the Millennium Drought with a wide range of economic, social and 
environmental consequences.   
 
2.2 Terrestrial Water Balance 
When analysing the significance of climate fluctuations, particularly those related to 
drought conditions, much of the literature is concerned with changes in precipitation 
regimes. In SEA this includes total rainfall amounts, seasonality of rainfall as well as the 
atmospheric circulations that influence the precipitation and hence impact on its 
frequency, intensity and spatial extent. This logical and necessary endeavour to better 
understand the major meteorological signature of droughts has resulted in a significant 
volume of scientific knowledge, and hence a greater understanding of variations in 
precipitation regimes. SEA is a region of great population density, and also has a long 
history of agricultural development (Pook et al. 2006, 2009; Risbey et al. 2009a; Hope et 
al. 2010). Thus there are areas of relatively high rain gauge density, with many stations 
having records exceeding one hundred years; some extending back as far as the 1850s 
(Timbal & Fawcett 2012). From a research perspective, this greatly assists in the 
analysis of long term trends in precipitation regimes, with the abundance of rainfall 
recording stations providing a degree of reliability in studying the precipitation variations 
observed.     
Long term rainfall records provide ample opportunity for understanding changes in 
precipitation regimes, the major meteorological driver of drought. However, there is one 
component of this water balance equation which until recently had played a somewhat 
understated role in determining moisture availability during drought periods. This is the 
role of evaporation, whereby moisture is returned to the atmosphere from the  surfaces of 
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the land, water bodies and vegetation. Combined with precipitation, evaporation can be 
used to determine the TWB at a location (Roderick & Farquhar 2004; Roderick et al. 
2009b). 
The reason behind the initial lack of interest and research into evaporation fluctuations is 
likely to be relatively simple. Unlike their rain gauge counterparts, the vast majority of 
evaporation measuring equipment in Australia, was not implemented widely until the late 
1960’s and early 1970’s (Rayner 2007; Roderick et al. 2009b). By this time, many rainfall 
recording stations were approaching or had exceeded a century of precipitat ion records. 
In Australia, the standard instrumentation is the ‘US Class-A’ evaporation pan. This 
relatively late introduction of a widespread pan evaporation network, meant that analysis 
of ‘measured’ evaporation data was somewhat limited and restricted to the short term. It 
wasn’t until the early 2000’s, that enough time had passed to allow longer term records 
of pan evaporation data to accumulate (Rayner 2007; Roderick et al. 2009b). Only then, 
with the development of these longer term records, could such data be used to 
determine a baseline for any long term evaporation cycles or trends (Roderick & 
Farquhar 2002).  
By the early 2000’s, the increasingly extensive datasets for pan evaporation were more 
rigorously analysed, and an evaluation of trends and tendencies in the data were given 
greater attention in the scientific community (Roderick & Farquhar 2002). Coinciding with 
the development of longer term datasets, there was a growing realisation that the trend 
in pan evaporation data in many parts of Australia, was somewhat different to what was 
generally expected given the increase in temperatures which had been observed in 
Australia over the period that measurements had taken place (Roderick & Farquhar 
2004). An increasing body of evidence was being published which showed that trends in 
the longest records of pan evaporation measurements were declining over substantial 
areas of Australia (Roderick & Farquhar 2004; Rayner 2007; Roderick et al. 2007, 
2009b; Johnson & Sharma 2010). At first, this seemed contradictory to what might have 
been expected in a warming climate (Hobbins et al. 2008; Johnson & Sharma 2010), 
though it wasn’t unprecedented in the scientific literature (Roderick & Farquhar 2002, Fu 
et al. 2009). Internationally, many countries had been taking pan evaporation 
measurements much earlier than in Australia, and as such had built up long term records 
which had provided the basis for extensive scientific analysis and review. In most cases, 
the reported trends were of substantial and widespread decreases in pan evaporation in 
countries such as the USA, China, Canada, New Zealand, India and the former Soviet 
Union (Roderick & Farquhar 2002; Roderick et al. 2009a; Roderick et al. 2009b; Fu et al. 
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2009). 
The growing body of global evidence showing widespread and notable declines in pan 
evaporation despite a warming climate and increasing temperatures was generally 
unexpected, and inconsistent with forecasts from global circulation models (Johnson & 
Sharma 2010). This apparent contradiction became known as the “Pan Evaporation 
Paradox” (Roderick & Farquhar 2002; Roderick et al. 2009b). The realisation of this 
paradox was a catalyst for renewed interest and greater research in this area, as well as 
for greater scrutiny of the data (Jovanovic et al. 2008; Fu et al. 2009). There had 
generally been a long held view that as temperatures rose, so too should evaporation 
rates, as the evaporating power of a warmer climate increased (Roderick & Farquhar 
2002; Roderick & Farquhar 2004; Hobbins et al. 2008; Johnson & Sharma 2010). The 
pan data was suggesting that the opposite was occurring and much research effort was 
put into understanding why this was the case. 
Like rainfall, temperature records were one of the earliest recorded meteorological 
elements. Their relative simplicity meant that a thermometer network was readily and 
widely developed in Australia. Hence temperature records were vast and many sites had 
records which commenced in the 19 th century (Ashcroft et al. 2012). Prior to the 
establishment of a pan network, empirical equations using such air temperature data as 
well as other elements, were used to derive evaporation estimates. The availability of 
such meteorological data combined with the understanding that temperature was a 
significant factor affecting evaporation, meant that in many empirical water balance 
models, air temperature was a major parameter driving evaporation estimates (Roderick 
& Farquhar 2004; Hobbins et al. 2008). The widespread practice of using temperature 
data as the main variable to derive evaporation estimates, was perhaps as much a result 
of there being a dearth of data for other meteorological variables which may also 
influence evaporation rates (Roderick et al. 2009b). So whilst the observed reduction in 
pan evaporation may have appeared to contradict the theory, this was not necessarily 
the case owing to the limited availability of other relevant data like solar radiation which 
could be used in such calculations. In fact, the assumption that rising air temperatures 
translates into increased evaporation is correct (Rayner 2007; Roderick et al. 2009a). 
Such an inconsistency arises from the fact that the pan evaporation measurements 
themselves are influenced by several other meteorological variables in addition  to air 
temperature (Rayner 2007; Roderick et al. 2007, 2009b; Johnson & Sharma 2010). 
The evaporation data used in much of the literature is taken from devices known as 
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Evaporation Pans or Evaporimeters. The exact specifications of these devices may vary 
slightly in some countries. In Australia, the ‘US Class-A’ evaporation pan has a diameter 
of 1.21 metres, is 0.254 m deep, and is located on a wooden pellet, 0.15 metres above 
the ground. There is a vertical rod in a stilling well near the centre of the pan (Roderick et 
al. 2009a). Essentially, an evaporation measurement is made by either adding or 
subtracting water to the pan so as to bring the water level back to the top of the vertical 
rod. The amount of water added or removed, is then combined with any rainfall recorded, 
to give the total evaporation over the 24 hour period. Readings are taken daily at 0900 
local time (Roderick et al. 2009a).  The great advantage of using evaporation pans is that 
the structures themselves are subjected to all the meteorological elements that influence 
evaporation: air temperature, solar radiation, wind and humidity (Rayner 2007; Roderick 
et al. 2009a; Johnson & Sharma 2010). So unlike some water balance models that 
predict evaporation based on one or two elements at a particular point in time or 
averaged over a day, evaporation pans provide a more complete picture by integrating 
the full 24 hour effects of all meteorological variables known to influence evaporation. 
By using a device which captures the combined effects of temperature, solar radiation, 
humidity and wind on evaporation, a greater understanding of the ‘Pan Evaporation 
Paradox’ can be gained. Against a backdrop of increasing air temperatures (Murphy & 
Timbal 2008; Trewin & Vermont 2010; Ashcroft et al. 2012), if all other meteorological 
variables remained equal, then evaporation should increase (Roderick & Farquhar 2004; 
Roderick et al. 2009a). That there has been a common and consistent reduction in pan 
evaporation, suggests that this is not the case, and that changes in one or more  of the 
other meteorological variables must be working to cancel out the effects of the air 
temperature increase, thus resulting in the reduction in pan evaporation (Roderick & 
Farquhar 2004; Rayner 2007; Roderick et al. 2009a). 
In Australia, attempts have been made to determine the relative contribution of each 
meteorological variable on evaporation as measured by the US Class-A pan (Rayner 
2007; Roderick et al. 2007, 2009b; Johnson & Sharma 2010). The majority of Australian 
studies have concluded that the most significant variable is that related to daily average 
wind speed, otherwise known as wind run (Rayner 2007; Roderick et al. 2007; Johnson 
& Sharma 2010). As part of the evaporation apparatus, most pans feature a cup 
anemometer which measures the flow of air across the pan at a height of 2 metres above 
the ground. Rayner (2007) performed a sensitivity study for Australian pan evaporation 
sites and found that whilst there was some variation in different regions, the majority 
were not greatly affected by changes in solar radiation. Instead, he found that changes in 
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temperature and vapour pressure since 1975, had generally acted to increase the 
amount of pan evaporation, yet this effect had been masked by decreases in the wind 
run. He found that averaged across Australia, 61% of the variation in pan evaporation 
trend could be attributed to changes in wind run (Rayner 2007). Similar results were also 
observed by Johnson & Sharma (2010), with a correlation of r = 0.63 between continent 
wide pan evaporation and wind run. This reduction of average wind speed has been 
termed ‘stilling’ in some of the scientific literature (Roderick et al. 2007, 2009b; McVicar 
et al. 2008) and will be used as the preferred term to describe declining average wind 
speed trends (including wind run) in this review.  
Given the significant correlation that appeared to exist between pan evaporation rates 
and average wind speed, a greater attention was paid to long term wind regimes to try to 
determine if any such long terms trends could be uncovered (McVicar et al. 2008; 
Troccoli et al. 2012) and that mimicked the timing and trend of the pan evaporation 
decline (Rayner 2007; Roderick et al. 2007). When station data from the 2 metre 
anemometer network were analysed, a significant Australia-wide trend was apparent, 
much like that observed in the declining pan evaporation rates. McVicar et al. (2008) 
found a ‘stilling’ effect was evident over 88.6% of Australia’s land surface during the 
period 1975 – 2006. His associated annual climatology showed higher “near surface 
wind speeds” in arid locations as opposed to wetter coastal reg ions. The discovery of a 
persistent surface ‘stilling’ effect over much of Australia was also confirmed in a later 
study by Troccoli et al. (2012). Such high degree of spatial coherence in declining wind 
speeds across Australia suggested that changes in circulation patterns on regional if not 
global scales may be related to the widespread nature of the observed ‘stilling’ (Rayner 
2007; McVicar 2008; Troccoli et al. 2012).  
Troccoli’s analysis occurred over the same period from 1975 – 2006 as McVicar et al. 
(2008), however Troccoli sought to expand on the research by including wind 
observations from anemometers at greater heights. Hence Troccoli et al. (2012) also 
analysed data from anemometers at 10 metres in height. Interestingly, this yielded 
results which were the opposite of those observed using the 2 metre cup anemometer, 
with widespread increases seen at most stations with a 10 metre anemometer, at the 
same time that a decrease was evident with the 2 metre anemometer. In relating the 
effects of wind changes to pan evaporation, the findings on the 10 metre anemometers 
aren’t likely to be relevant as they are located too far above the land surface, to be 
indicative of the regime which exists directly over the pan. However the surprising 
findings at 10 metres do indicate that some degree of caution must be used in attributing 
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‘stilling’ solely to large scale circulation changes, and serve to demonstrate the 
importance of appropriate siting of anemometers (particularly those at 2 metres where 
ground friction is greater) so as to not be unduly influenced by other terrestrial 
obstructions (Rayner 2007; Troccoli et al.2012). 
Analysis of the role of the other variables (solar radiation, humidity and temperature) 
which affect evaporation, have generally found their respective influences to be minor in 
comparison to ‘stilling’ (Rayner 2007; Roderick et al. 2007; Johnson & Sharma 2010). 
The influence of solar radiation was shown to play a relatively minor role (Rayner 2007; 
Roderick et al. 2007) compared to the aerodynamic variables (r = 0.22) in evaporation 
correlations across Australia (Johnson & Sharma 2010). Reduced solar radiation, 
commonly called ‘dimming’ is known to result from an increase in cloudiness and/or 
aerosol and other fine particles in the atmosphere (Roderick & Farquhar 2002). In some 
parts of Australia, it would appear that ‘dimming’ has a greater effect on pan evaporation 
trends than ‘stilling’. One such region is northwest Australia where substantial increases 
in cloud cover and precipitation have occurred over recent decades (Roderick et al. 
2007). This suggests that ‘dimming’ may be subtly linked to changes in humidity as 
measured by vapour pressure deficit. The findings of a reanalysis investigation by 
Johnson & Sharma (2010) suggested that vapour pressure (humidity) changes were 
potentially a significant influence on pan evaporation in some regions during certain 
seasons. One commonly held belief was linked to the theory that, as temperatures 
warmed, the evaporative power of the atmosphere would increase, and a drier cl imate 
would evolve (Roderick & Farquhar 2002). However observations have shown that this 
has generally not been the case (Rayner 2007; Roderick et al. 2007; Johnson & Sharma 
2010). As air temperatures have warmed, the absolute humidity has increased such that 
the relative humidity has remained relatively constant (Roderick & Farquhar 2002, 2004; 
Roderick et al. 2009b). As mentioned earlier, with an increase in global and regional air 
temperatures, potential evaporation would be expected to, and has been observed, to 
increase the evaporative power of the atmosphere (Roderick & Farquhar 2004; Rayner 
2007; Roderick et al. 2009a). However such an increase has been shown to be masked 
by changes to wind, humidity and solar radiation, which despite their varying 
contributions, have resulted in an overall net decline in pan evaporation across much of 
Australia (Rayner 2007; Roderick et al. 2007; Johnson & Sharma 2010). These variables 
have substantially overshadowed the effects of any temperature rises and relegated air 
temperature to a very minor role in directly influencing pan evaporation rates (Roderick et 
al. 2007). 
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A critical point should be made about the evaporative aspect of the TWB concept to 
clarify any possible confusion in the terminology used. As mentioned, evaporation is 
measured using an evaporation pan, instrumentation that is maintained so as to have a 
ready supply of water to be evaporated (Roderick et al. 2009a). Thus, as there is no 
restriction on the amount of water available to be evaporated from the pan, the only limits 
to evaporation are those atmospheric variables already analysed, that can influence the 
amount of evaporation which takes place in the pan (Rayner 2007; Roderick et al. 
2009b). As such, pan evaporation is a measure of potential evaporation, the maximum 
amount of evaporation that can take place given the influence of the meteorological 
variables at that time, without being limited by a lack of water to be evaporated (Roderick 
et al. 2009a; Hobbins et al. 2008). This is an important point, as it demonstrates what the 
actual evaporative power of the atmosphere is, as a result of the combined effects of 
solar radiation, temperature, humidity and wind regime (Roderick et al. 2009a, 2009b). 
In nature, evaporation occurs from the land surface, water bodies such as lakes, and 
also from vegetation - known as evapotranspiration (Hobbins et al. 2008; Roderick et al. 
2009b). In many environments, such as arid regions, there is great potential for 
significant evaporation to take place through favourable weather conditions e.g. clear but 
windy conditions with hot, dry air. Yet this potential will rarely be realised due to a dearth 
of water in that environment which can be readily absorbed by the atmosphere (Roderick 
et al. 2009b). Hence the actual evaporation in such locations is actually quite low, 
despite the prospect of very high potential evaporation, and so is classed as a water 
limited environment (Roderick et al. 2009b). It is only in such humid climates where water 
is abundant, that energy processes through solar radiation, temperature and wind regime 
act as the main controls limiting actual evaporation which is usually very close to the 
potential evaporation (Roderick et al 2009b). Understanding this difference is important  
as the focus of this research will be on the evaporative potential of the atmosphere as 
measured by evaporation pans rather than from the environment, and how this 
influences the TWB.      
In summarising the literature, it is readily apparent that the influence of the atmosphere 
on pan evaporation in Australia has mainly been focused on local phenomena that 
directly affect the pan. In other words, factors such as solar radiation, air temperature, 
mean wind speed et al, that are reflective of the immediate pan environment. Obviously 
the prevailing local conditions are affected by much larger regional (e.g. synoptic) and 
global (e.g. large scale climate drivers) atmospheric circulation patterns. Yet there has 
been next to no attempt made to link pan evaporation fluctuations with changes to these 
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large scale phenomena. As pan evaporation is considered a reliable measure of potential 
evaporation, it seems logical to try to understand the way in which pan evaporation is 
influenced by these atmospheric processes. As the pans themselves are never water 
limited, such changes in pan evaporation are likely to reflect the influence of large scale 
circulation patterns which inhibit or enhance the evaporative potential of the atmosphere 
locally.  
 
2.3 Seasonal Analysis 
In contrast to pan evaporation, there is a vast and ever growing volume of research 
examining the relationships between regional and global scale circulation patterns and 
rainfall, particularly in SEA. Also significant is the fact that much of this research looks at 
changes on a seasonal basis rather than annually as has been the case with pan 
evaporation. This enables a review of links between SEA rainfall and atmospheric 
circulation regimes throughout the Growing Season. 
 
2.3.1 Autumn  
Circulation 
Much of the recent research regarding seasonal variations in atmospheric circulation 
over SEA has focussed on Autumn, the season of strongest rainfall decline. Attempts 
have been made to relate this decline to changes in large scale climate drivers. Most 
research has found that Autumn is the season in SEA that exhibits the weakest rainfall 
response to ENSO conditions (Murphy & Timbal 2008). This is because most ENSO 
events tend to cease by the end of Summer, and new events tend not to develop until 
Winter or Spring. For this reason, the March-May period is often classed as a 
‘Predictability Barrier’ from a forecasting perspective, with weak correlations with rainfall 
in this season, as the annual cycle resolves itself between events (Drosdowsky & 
Chambers 2001; Murphy & Timbal 2008). It was found that Indian Ocean conditions 
displayed a stronger relationship with SEA rainfall than ENSO, particularly during the 
latter part of the season in May (Drosdowsky & Chambers 2001; Murphy & Timbal 2008). 
Typically IOD events don’t evolve until May or early Winter though it has been found that 
SEA rainfall anomalies associated with a particular phase of the IOD may occur prior to 
this in March and April (Murphy & Timbal 2008). For this reason, it has been proposed 
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that local Indian Ocean conditions, particularly in the east of the basin closest to 
northwest Australia, play a more significant role in affecting SEA Autumn rainfall 
compared to the dipole structure across the entire Indian Ocean (Nicholls 1989).  
Due to the weak rainfall correlations and quiescent ENSO and IOD states during 
Autumn, research has tended to focus more on how the effects of these circulations may 
manifest a rainfall influence in SEA through regional and synoptic scale phenomena. 
One such phenomenon which is known to occur during the Autumn and Winter months is 
the ‘northwest cloudband’, a synoptic scale feature characterised by the formation of a 
significant cloudband from the eastern Indian Ocean, This extensive cloudband stretches 
across the country from the northwest often bringing widespread and significant rainfall 
totals to SEA. However there has been a marked absence of such cloudbands since the 
early 1990s, coinciding with an increase of the severity of Autumn rainfall deficiencies 
(Murphy & Timbal 2008; Verdon-Kidd & Kiem 2009b). Another synoptic scale 
phenomena associated with Autumn rainfall in SEA is cut off lows. These systems have 
been found to have an important impact throughout the Growing Season, though they 
have been noted to be particularly significant during Autumn in agricultural areas where 
they often provide an “Autumn Break”. Cut off low pressure systems are characterised by 
cold air aloft, separated from the mid latitude westerlies to the south, which then 
undergoes rapid intensification and becomes a small synoptic scale phenomena often 
bringing widespread rainfall to SEA. Pook et al. (2006) found the amount of rainfall from 
such systems had decreased across the Growing Season generally from the early 
1970s, punctuated by a decline in the number of days this system occurred, plus a 
reduction in rainfall per rain day. The downturn in rainfall from this type of system has 
particularly great consequences for inland agricultural areas (which are less exposed to 
frontal systems), and is felt hardest in Autumn when cut off lows are the largest synoptic 
contributor to rainfall. Whilst a strong association with blocking (which is influenced by 
ENSO conditions) was found to be connected with the impacts of cut off lows, there was 
difficulty in verifying a direct ENSO/IOD link with autumnal rainfall due to the high inter -
annual variability associated with cut off lows themselves (Pook et al. 2006; Murphy & 
Timbal 2008).     
Since the 1950’s, there has been a significant increase in mean sea level pressure 
(mslp) over Australia during Autumn and Winter (Nicholls 2009). Rainfall during these 
seasons is known to correlate strongly with mslp over land areas of Australia south of 
30°S, including SEA (Nicholls 2009). Research by Hope et al. (2010) found there to be 
high correlation between southwest Australian and SEA mslp since the 1950’s though 
27 
 
this study focussed on the coolest months of the year, only extending back to include the 
late Autumn (May) period. The Autumn season has been the subject of much recent 
research in terms of atmospheric circulation, due to it being the season in SEA that has 
experienced the largest long term precipitation decline (Murphy & Timbal 2008; Landvogt 
et al. 2008; Cai & Cowan 2009; Kiem & Verdon-Kidd 2010; Nicholls 2009; Pook et al. 
2009; Verdon-Kidd & Kiem 2009b; Timbal et al. 2010; Cai et al. 2012; Cai & Cowan 
2013; Whan et al. 2013). It is during this season that circulation patterns gradually 
transition from a summer regime towards a typical winter regime through a northward 
movement of global circulation systems. A significant factor in this seasonal change is 
the movement of the high pressure belt known as the STR. The STR exerts a significant 
influence on SEA climate. The ridge itself is an area of subsiding air which suppresses 
rainfall, generally leading to clear and calm conditions. To its north exists a generally 
easterly circulation, often responsible for transporting warm, sometimes humid Pacific 
Ocean airmasses over eastern Australia. South of the STR is a predominantly westerly 
circulation that is marked by frontal and low pressure systems of Southern Ocean origin, 
the meridional extent of the westerly regime measured by changes in the SAM. Hence, 
the importance of the STR in determining the prevailing circulation regime (Whan et al. 
2013), its geographical extent and duration, is obvious and can’t be understated. The 
timing and speed of this northward movement is significant in determining the weather 
experienced from March to May in any one year. Thus given the observed long-term 
increase in mslp, much of the research focus has been on understanding the role of the 
STR. Whan et al. (2013) found that the relationship between STR intensity and rainfall in 
SEA had strengthened during the 20 th century in Autumn, and were able to confirm STR 
intensity as being the main factor influencing the Autumnal rainfall decline over SEA. The 
ridge intensity also had a significant positive relationship with STR position, i.e. a more 
intense ridge was usually located further south while a more northerly position occurred 
when STR intensity was weaker. 
As Autumn is the season which sees the STR strengthen and move from south of SEA to 
the north, much of the initial emphasis was placed on monitoring the position of the STR 
(Drosdowsky 2005; Timbal & Drosdowsky 2013). However, it seems that the most 
significant change during the 20 th century has been an intensification of the STR around 
the longitudes of SEA (Larsen & Nicholls 2009) rather than changes to the STR position 
(Timbal & Drosdowsky 2013). This is believed to be the driving force behind the trend 
towards increasing mslp over SEA during Autumn. 
The evolution of this intensification appears to have taken place over two distinct periods 
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during the 20th century: from 1900-1940s and from 1970-2010, both periods ending in 
extended droughts (Timbal & Drosdowsky 2013). It was also noted that these multi-
decadal periods of STR intensification coincide with periods of marked global 
temperature increases, in comparison to relatively stable global temperatures outside 
these periods (Timbal & Drosdowsky 2013). Given the strong correlation that exists with 
global temperatures, this raises the question of whether such changes are reflective of 
an overall change to the STR in the Southern Hemisphere. There is a large body of 
evidence which shows that the descending arm of the Hadley Cell, which manifests itself 
as the STR at mid latitudes, is expanding polewards as global temperatures rise and 
widening the tropical and subtropical circulations in each hemisphere (Cai et al . 2012; 
Cai & Cowan 2013; Timbal & Drosdowsky 2013; Whan et al. 2013). Cai et al. (2012) 
noted that there had been long term Autumn rainfall declines in SEA, southern Africa and 
southern Chile since the late 1970s. They analysed the extent of the Hadley Cell to see 
how movement of its southern edge correlated with Autumn (April-May) rainfall. In Chile, 
the Hadley Cell edge had been found to move slightly northwards, whilst rainfall 
variability in Africa was not found to be significantly correlated with the Hadley Cell edge. 
Hence movement of the Hadley Cell and its connection with southward shifts in rainfall 
across the Southern Hemisphere were shown to be longitudinally variable. SEA exhibited 
the most obvious and marked poleward shift in both the Hadley Cell edge and associated 
rainfall reductions, suggesting there is a regional variation in the circulation regime 
influencing rainfall, which is peculiar to SEA during the Autumn (Cai et al. 2013). 
Coevolving with the persistently southward and more intense STR, has been a long term 
positive trend in the SAM during Autumn (Kiem & Verdon-Kidd 2010). This has had a 
subsequent impact on the mid latitude storm belt (Hendon et al. 2007). Historically, the 
northward movement of the STR and non persistence of +SAM conditions during 
Autumn, allowed the mid latitude storm belt to expand equatorward and bring the first 
cool season rain systems to SEA. However coinciding with the +SAM trend has been a 
poleward contraction of this belt during Autumn in recent decades (Frederiksen et al. 
2011). From 1975-1994 cyclogenesis modes crossing southern Australia had 
significantly reduced growth rates which declined further during 1997-2006. This was 
accompanied by a reduction of the intensity of the subtropical storm track, which was 
most marked during Autumn (Frederiksen et al. 2011). This has caused some to suggest 
that there has actually been a weakening of the coherence between the Hadley Cell, the 
STR and the SAM with SEA rainfall, as the once prominent storm belt has permanently 
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been displaced so far south that its influence is rarely felt in SEA during Autumn in recent 
decades (Cai & Cowan 2013). 
The persistence of a +SAM state where the STR is located anomalously south, has been 
shown to have a positive influence on SEA rainfall during Summer which occasionally 
extends into the Autumn (Hendon et al. 2007; Verdon-Kidd & Kiem 2009b). Under such 
circumstances the transport of humid tropical airmasses with an easterly flow has been 
conducive to enhanced rainfall (Hendon et al. 2007; Whan et al. 2013). Indirectly, it has 
been shown that a more positive SAM state is conducive to increased blocking southeast 
of Australia, which is a favourable environment for the development of cut off low 
pressure systems (Risbey et al. 2009a).   
Whilst the STR is not a phenomenon which will be explored in this research, it is obvious 
that the behaviour of the SAM shares many common circulatory characteristics. The 
increasingly positive SAM trend in Autumn coincides with a marked increase in SEA 
mslp since the late 1960s which has accelerated since the late 1970s, resulting in a 
significant southward shift in circulation over SEA. This has coincided with widespread 
multi-decadal drought in the region, which primarily occurs during April and May. 
Though tropical drivers of variability are associated indirectly with certain synoptic 
features, they generally have very minimal impact on SEA rainfall in this season. ENSO 
and IOD both exhibit weak correlations with SEA rainfall, hence neither can be 
considered factors directly influencing the long term Autumn circulation.  
 
Precipitation 
There is ample research showing that the largest seasonal rainfall decline in SEA has 
been in the Autumn (Murphy & Timbal 2008; Kiem & Verdon-Kidd 2010; Nicholls 2009, 
Timbal & Fernandez 2009; Timbal et al. 2010). Analysis of historical rainfall records show 
that the decline has been evident since the early 1970’s (Nicholls 2009) and has 
gradually increased in magnitude since then. During 1997-2006, 61% of the annual 
rainfall decline in SEA could be attributed to the Autumn season (Murphy & Timbal 
2008). In general, the variability of the Autumn rains have decreased, with an increased 
frequency of dry months and a complete absence of wet Autumns since the early 1990s 
(Murphy & Timbal 2008). In fact, only one above average Autumn has been recorded in 
SEA since 1991 (Murphy & Timbal 2008). 
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Similar to the atmospheric circulation, much of the research focus has centred on the 
decline in April and May, as March is historically one of the driest months of the year in 
SEA. Typically, rainfall tends to increase throughout April and May, and as temperatures 
and evaporation decline from the Summer maximum, conditions become more 
favourable for plant growth. Hence the Growing Season, though spatially variable, is 
usually considered to start from around April in SEA (Pook et al. 2009). Thus, the 
reduction in Autumn rains have had a major influence on the agricultural sector in SEA, 
particularly with respect to the commencement and quality of the Growing Season (Pook 
et al. 2009), which extends through the Winter into Spring.  
However, recent research is suggesting that the decrease in rainfall (as well as 
numerous other significant and persistent climatic changes during Autumn) reflect longer 
term climatic change resulting from human induced changes to the atmosphere, 
including increased greenhouse gas emissions and stratospheric ozone depletion 
(Nicholls 2009). Under this new regime it has been proposed that due to poleward 
displacement of circulation patterns, a particular latitudinal pressure threshold has been 
surpassed that places SEA permanently within a "subtropical dry zone" from the north, 
during the Autumn period (Cai et al. 2012). This long term climatic shift became more 
marked after 1980 but particularly from the 1990s, coinciding with an extended absence 
of the Autumn Break, and a widespread reduction in rain day frequency and intensity 
during SEA Autumns from 1997 (Murphy & Timbal 2008).   
 
2.3.2 Winter 
Circulation 
In Winter, regional and global synoptic systems migrate to their most northerly positions. 
For example, the STR is positioned to the north of the region over inland Australia at an 
approximate latitude of 29°S (Larsen 2008). The STR intensity reaches its maximum in 
June before migrating to its northern most position during August and September 
(Drosdowsky 2005; Larsen & Nicholls 2009; Cai et al. 2011; Timbal & Drosdowsky 2013; 
Whan et al. 2013). Research has shown that some characteristics of the STR have 
undergone major changes during the 20 th century. Drosdowsky (2005) found that from 
1975-2002, pressure in the ridge had increased during the Winter months (Larsen 2008; 
Timbal & Drosdowsky 2013; Whan et al. 2013), but that the average latitude had not 
varied significantly even though a slight northward trend was noticeable (Whan et al . 
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2013). This was confirmed by Larsen (2008), who found more significant  changes in the 
longitudinal extent of the central high pressure belt over the Australian region. Since the 
1920-30s, there was found to be an overall longitudinal expansion of the Winter high 
pressure region over Australia of more than 15°. This was compr ised of a westward 
expansion in the 1930s before a similar change occurred in eastern Australia from the 
1980s (Larsen 2008). In SEA there has been a significant increase in Winter mslp since 
1960 (Hope et al. 2010), presumably because of the initial and ongoing STR 
intensification (Timbal & Drosdowsky 2013) and then the subsequent anticyclonic 
expansion to the east coast (Larsen 2008). The increase in mslp constitutes a 
continuation of the intensified STR from the Autumn period in SEA (Timbal & 
Drosdowsky 2013; Whan et al. 2013). Historically, late Autumn through to mid Winter 
(May-July) has the highest correlation between rainfall and mslp in SEA (Hope et al. 
2010). The extent of the northward migration of pressure systems including the STR, 
across SEA, is significantly influenced by the SAM during these months (Hendon et al. 
2007; Landvogt et al. 2008; Nicholls 2009; Cai et al. 2011).  
The northward movement of global circulation systems in Winter allows SEA to 
frequently come under the influence of low pressure systems, cold fronts and showery 
airstreams associated with the mid latitude westerly stormtrack over the Southern Ocean 
(Wright 1989). When the SAM enters a negative phase, the magnitude and spatial extent 
of the westerlies is further enhanced over SEA.  
Due to the close proximity of the mid latitude stormbelt during Winter, a number of 
studies have recently focused on reconstructing the degree of storminess in SEA over 
the past 150 years using various indices as measures of storm activity. Alexander et al. 
(2011) used geostrophic wind speeds over SEA to calculate the first and fifth percentiles 
of wind velocity back to the late 19 th century, and used this as a measure of periods of 
enhanced storminess. It was found that Winter storminess over SEA was significantly 
higher during the late 19th and early 20th centuries than the present, peaking in the 
1920s. Decadal variability in Winter (and overall) storminess was also much larger during 
this time. After this, there was found to be a gradual decline in storminess to a minimum 
in the 1960s, before stabilisation and a small upturn in storm activity from the 1970s, but 
to much more modest levels than that experienced in the late 19 th and early 20th century. 
Such historical fluctuations in SEA storm activity were mirrored generally in all seasons, 
though were most prominent during Autumn and Winter (Alexander et al. 2011), the 
seasons where the SAM has its greatest influence on SEA (Cai et al. 2011; Whan et al. 
2013).  
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Another study on historical storm activity in SEA was carried out on Victoria’s ‘Shipwreck 
Coast’ in the vicinity of Cape Otway (Alexander et al. 2009). This study focussed on 
‘severe’ storms and was based on extreme sub-daily pressure changes, which are 
indicative of the rapid intensification associated with the formation of such systems. Over 
the period of analysis since 1865, there had been an annual decline of about 40% in the 
number of severe storms observed at Cape Otway (Alexander et al. 2009). Though not 
specifically mentioned, the occurrence of these severe storm events were assumed to 
occur predominantly during Winter as this is the time of year when the mid latitude 
stormbelt is most prominent in the region. Again, marked decadal variability in the 
frequency of severe storms was evident, with enhanced periods of severe storm activity 
occurring during the 1860s, 1890s-1920s, and also during the late 1940s and 1950s. On 
average, severe storm frequency was shown to peak every 25 years. An inactive period 
occurred during the 1960s with little trend in severe storm frequency since and an 
absence of the earlier multi-decadal storm peaks (Alexander et al. 2009).    
During Winter tropical climate drivers play an increasingly significant role in influencing 
the climate of SEA, particularly with regards to rainfall. The correlations between ENSO 
and rainfall become statistically significant over much of SEA (except the NSW coastal 
fringe) and are strongest over inland areas including northern Victoria (Risbey et al. 
2009b). There have been instances where ENSO and the IOD have evolved to reinforce 
each other during certain years. For example, La Niña phases have been found to co-
occur with –IOD conditions, but rarely +IOD; and vice versa with El Niño and +IOD 
(Meyers et al. 2007). This can act to exacerbate wet or dry conditions caused by the 
respective warm or cold phases of each driver. The IOD itself is strongly correlated with 
SEA rainfall during Winter though the onset of IOD events is somewhat variable, and 
doesn't usually occur until May at the earliest. The degree to which ENSO and IOD 
events co-evolve over the Growing Season has caused some debate as to what portion 
of the IOD relationship with rainfall is affected by ENSO, and vice versa. Risbey et al. 
(2009b) found that when the ENSO effect was removed using partial correlations during 
Winter, a statistically strong, but slightly weaker IOD-rainfall signal still existed. However, 
when the IOD influence was removed, the ENSO-rainfall relationship diminished over 
SEA. There is some variation in the strength of the relationship found between the main 
climate drivers and rainfall in the literature, often owing to the choice of different time 
periods, analytical technique and the specific climate driver indices used.  In light of this, 
some researchers have adopted a composite or 'tri-pole' index which incorporates SST 
anomalies in both the Indian and Pacific Oceans as well as in the seas directly north of 
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the continent (Smith & Timbal 2012). This index has been found to correlate well with 
SEA rainfall, and marginally better than IOD or ENSO indices used in isolation.  
 
Precipitation 
Much of the literature regarding SEA Winter precipitation tends to be concerned with 
detailing characteristics of regional climatologies, rather than studying actual changes in 
rainfall regime in this season. Significantly there is marked regional variation with regards 
to the effects of the mid latitude storm belt on SEA in Winter. In coastal and southern 
areas of Victoria, there is greater exposure to frontal systems of Southern Ocean origin, 
which contribute more to the Winter rainfall than those areas inland (Wright 1989). Thus 
coastal and elevated areas with exposure to the west or southwest, extract a significant 
portion of their precipitation through orographic uplift of westerly airstreams due to local 
topography (Wright 1989). North of the divide, a greater portion of Winter precipitation is 
accounted for by frontal systems which link with tropical airmasses from the north to 
enhance rainfall (Landvogt et al. 2008). These fronts are sometimes called ‘interacting 
fronts’ and may result in extensive ‘northwest cloudbands’ (Wright 1989; Landvogt et al. 
2008). Occasionally cut off lows and other synoptic features from the north are able to 
utilise tropical moisture and deliver widespread rains to SEA (Brown et al. 2009). These 
are the main physical mechanisms through which ENSO and IOD exhibit a strong 
influence on northern Victorian rainfall during Winter (Wright 1989; Landvogt et al. 2008).  
This increased exposure to rainbearing systems from north and south, means that there 
is a rain day maximum experienced throughout SEA, regardless of the total seasonal 
rainfall (Wright 1989). The Winter season is also the period of lowest rainfall variability 
and indeed the most reliable inter-annually over the long term (Wright 1989).  
The Winter period has also seen a recent decline across SEA (Meneghini et al. 2007). 
Much of this decline however, can be attributed to a drying trend that first became 
noticeable during the 1990s (Timbal et al. 2010) and then persisted through the 
Millenium Drought. During this time, Winter storminess in SEA was reduced as leading 
modes of storm activity tracked further south of the continent than in previous decades, 
exerting a weaker and infrequent influence on SEA (Frederiksen et al. 2011). The 
poleward movement of the usual Winter storm tracks is reflected in a decrease in 
storminess over SEA associated with a reduction in geostrophic wind speed in the region 
(Alexander et al. 2011). This has had a profound influence on the regional Winter climate 
34 
 
of SEA in terms of wind and temperature characteristics, as well as rainfall (Hendon et  al. 
2007; Murphy & Timbal 2008). From 1975-2006, a ‘stilling’ effect was prevalent 
throughout SEA south of Qld during Winter (Troccoli et al. 2012). From a rainfall 
perspective, the reduced state of storminess is important and helps to explain some of 
the Winter drying since the 1990s. Winter rainfall deficits during this time have been 
noted in coastal and inland locations, spanning an array of elevational ranges and 
climate regimes (Murphy & Timbal 2008; Landvogt et al. 2008; Chubb et al. 2011). 
There is evidence to suggest that Winter precipitation in those areas of greater elevation, 
has been affected in a much more significant way to those areas lower down. Recent 
research has demonstrated that precipitation deficits are enhanced at higher altitudes as 
orographic rainfall gradients become larger with greater elevation (Landvogt et al. 2008). 
These orographic gradients are most pronounced during Winter when synoptic systems 
like cold fronts and westerly airstreams interact with elevated topography (Landvogt et al. 
2008; Chubb et al. 2011). Thus the importance of the SAM influenced, mid latitude 
stormbelt, is readily apparent in determining the effectiveness of synoptic systems that 
bring orographically enhanced rainfall to mountainous areas. Chubb et al. (2011) 
produced a climatology of Wintertime precipitation in the Snowy Mountains observing a 
marked decline in precipitation on the western slopes and alpine areas of this region 
during 1990-2009. No trend was apparent on eastern slopes. This was indicative of a 
weakening of the dominant westerly flow associated with the mid latitude stormbelt that 
prevailed during this season. Using airmass back trajectories, they found that ‘moisture 
corridors’ to the region during Winter usually originated from the west-northwest, an ideal 
alignment to promote orographic enhancement through terrain gradients in the region 
(Chubb et al. 2011). The combined effects of the STR and SAM were noted as the most 
likely factors behind changes in the strength and frequency of westerly winds associated 
with the mid latitude stormbelt. Since 1990, there has been a higher frequency of +SAM 
values associated with a weakening westerly airflow (Chubb et al. 2011). During periods 
where a -SAM exists, the mid latitude stormbelt expands and moves further north. It is 
during these negative phases that frontal and also post frontal precipitation in the 
westerlies, contribute substantially to increased orographic rainfall in SEA mountainous 
areas through the west-northwest transport of moisture (Chubb et al. 2011). Less intense 
and prolonged precipitation appears to be consistent with the reduction in storminess 
observed over SEA in recent decades (Alexander et al. 2009, 2011). Thus mountainous 
areas of northeast Victoria and the alpine regions of Victoria and the Snowy Mountains 
appear to have been affected the greatest by the change in Winter circulation, f rom a 
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precipitation perspective. This is significant not just from a meteorological viewpoint, but 
also as far as hydrological processes are concerned as these regions are the catchment 
areas with which lower areas downstream rely upon water for irrigation et al.  
Prior to the 1990s decline, there was no discernable long term trend in SEA Winter 
rainfall (Murphy & Timbal 2008; Timbal & Fawcett 2013). Wetter and drier Winters 
alternated with regular frequency, often in blocks depending on the relative s trength and 
positioning of the westerly stormtrack, and its interaction with ENSO and IOD during that 
year.  
 
2.3.3 Spring  
Circulation 
The Spring season coincides with the peak phases of tropical drivers ENSO and IOD. 
Despite some impact from ENSO during Winter, its greatest influence becomes apparent 
during Spring (Risbey et al. 2009b). The IOD similarly plays an important role as the 
inter-annual climate drivers resolve themselves into their respective positive, negative or 
neutral modes and peak, exhibiting a large influence on SEA Spring rainfall (Risbey et al. 
2009b; Ummenhofer et al. 2010).  
Following the northern-most progression of the STR in August-September, regional 
circulation systems move steadily south during Spring (Drosdowsky 2005; Cai et al . 
2011; Timbal & Drosdowsky 2013; Whan et al. 2013). A high coherence between the 
intensity and position of the STR is apparent in Spring, though the relationship isn’t quite 
as strong as that which prevails during Winter (Cai et al. 2011). With ENSO and IOD 
phases consolidating and strengthening in this season (Risbey et al. 2009b), research by 
Cai et al. (2011) suggests that the impacts of these tropical drivers can manifest locally 
through the intensity of the STR during Spring. In particular, evidence that the IOD is an 
important pathway for expressing the effects of ENSO, has been identified as a prime 
influence on the STR intensity in Spring (Cai et al. 2011). Hence El Niño and +IOD years 
tend to result in a more intense (and southerly) STR (Cai et al. 2011) coupled with less 
moisture flux due to cooler SSTs locally (Ummenhofer et al. 2009). The opposite effect is 
seen during La Niña and –IOD phases. Coincidences of such dry and wet phases appear 
to play a significant role in the marked inter-annual rainfall variability that is a feature of 
the Spring period in SEA (Risbey et al. 2009b). From an even broader climatic 
perspective, trends in the Inter-decadal Pacific Oscillation (IPO) exert an influence on the 
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ENSO regime. This is particularly noticeable when the IPO is negative which tends to 
favour more frequent La Niña conditions. La Niña conditions were found to be more 
highly correlated with Australian rainfall than El Niño and hence contribute to the marked 
multi-decadal variability observed across the historical Spring rainfall record in SEA 
(Risbey et al. 2009b). This assymetrical response to ENSO conditions in Spring 
illustrates the reliability of a positive rainfall response to La Niña, and the somewhat 
variable though generally negative rainfall anomalies which result from El Niño. Unlike 
Winter, the SAM was found to have little impact on the intensity of the STR during Spring 
(Cai et al. 2011). 
Previously, it had been noted that the STR intensity and position played an important role 
in determining the type of climatic regime which prevailed over SEA during the Autumn 
transition (Whan et al. 2013). This is also true of the Spring season, though there is 
some variation in the impact exhibited by similar circulation patterns due to the 
prominence of the ENSO and IOD modes at this time. Following Winter, the STR 
continues to display a strong positive relationship between intensity and position, where 
higher intensity leads to a higher latitudinal position and vice versa (Larsen & Nicholls 
2009; Cai et al. 2011; Timbal & Drosdowsky 2013). This strong negative relationship 
between SEA rainfall and the STR, is found throughout the cooler months generally, 
(Larsen & Nicholls 2009; Cai et al. 2011; Timbal & Drosdowsky 2013; Whan et al. 2013) 
and exists with both the intensity and position, despite the STR position being largely 
driven by the STR intensity (Murphy & Timbal 2008; Larsen & Nicholls 2009; Timbal & 
Drosdowsky 2013; Whan et al. 2013). Hence when STR pressure is abnormally high, 
SEA rainfall is generally reduced, whilst lower intensity is usually reflected by increased 
rainfall. During Spring, the negative STR-SEA rainfall condition is most important during 
September and October, when the STR begins its poleward movement from latitudes 
north of SEA. During this time the strong seasonal influence of the mid latitude stormbelt 
associated with the SAM, slowly starts to wane with the belt migrating to higher latitudes 
in the south (Cai et al. 2011; Timbal & Drosdowsky 2013; Whan et al. 2013). As such, 
the influence of the SAM on Spring rainfall varies depending on the position of the STR, 
with the mid latitude stormbelt a more prominent factor when the STR is weaker and 
hence located further north (Larsen & Nicholls 2009). As Spring progresses and the STR 
moves southwards, so too does the midlatitude stormbelt associated with a more +SAM 
signature (Cai et al. 2011; Whan et al. 2013).  
ENSO and the IOD play a significant role in Spring by enhancing or suppressing 
available moisture for utilisation in rainbearing synoptic systems (Ummenhofer et al. 
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2009), and also in effecting the STR intensity (Cai et al. 2011). In favourable conditions 
where warmer oceans surround tropical Australia (-IOD and La Niña), a +SAM 
accompanied by a poleward STR, results in an increased probability of tropical rains 
penetrating south into SEA (Hendon et al. 2007; Larsen & Nicholls 2009; Risbey et al. 
2009b). 
Historically, November is the month that usually sees a substantial decrease in the 
influence of cool season rainfall (Pook et al. 2006) with the STR moving across the 
region on its southward migration (Larsen & Nicholls 2009; Cai et al. 2011; Whan et al. 
2013). Since 1980, the position of the ridge has shown a southerly anomaly of 
approximately 2.5° from that observed during 1950-1979. This has coincided with an 
increase of about 1.5hPa over the same period (Timbal & Drosdowsky 2013), yet there 
has been a general increase in November rains over SEA since 1980 (Timbal & 
Fernandez 2009). This demonstrates the significance of a southerly ridge and +SAM 
during the warmer months, in enhancing rainfall through advection of tropical Pacific 
Ocean air from the east, despite an accompanying increase in pressure (Hendon et al . 
2007; Larsen & Nicholls 2009; Cai et al. 2011; Timbal & Drosdowsky 2013; Whan et al. 
2013). Though IOD and ENSO conditions do not necessarily have to be favourable to 
facilitate this increase in precipitation (Hendon et al. 2007), the obvious implication is that 
should a La Niña and/or –IOD phase be operating at the same time as a +SAM, there is 
a greater chance of enhanced moisture flux to SEA under such conditions. This 
demonstrates that there are occasions, particularly during the warmer months, where a 
+SAM phase can have a positive influence on SEA rainfall (Larsen & Nicholls 2009; Cai 
et al. 2011; Whan et al. 2013).  
 
Precipitation 
The impact of the mid latitude regime over SEA moves south during Spring, and a more 
tropical influence on precipitation gradually evolves. This means that Spring precipitation 
can be rather variable and depending on location, a seasonal switch to drier conditions 
doesn’t always occur. Coupled with ENSO and IOD having their peak influence over SEA 
during this season, the presence and absence of wet and dry phases associated with 
these tropical regimes, can significantly enhance or suppress precipitation from the 
‘average’ conditions. As mentioned earlier, when corresponding climate phases in the 
Indian and Pacific Ocean coincide, such wet and dry states act to reinforce the overall 
effect (Meyers et al. 2007). Hence Spring, in comparison to other seasons, displays 
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marked inter-annual and decadal variability in SEA rainfall (Timbal et al. 2010; Cai et al. 
2011) with generally wetter and drier periods often occurring in blocks, ranging from 10-
25 years, that are related to longer term fluctuations in Indian and Pacific Ocean 
conditions (Cai et al. 2011; Timbal & Fawcett 2012). 
Thus from a historical viewpoint, it is harder to discern longer term trends against the 
marked inter-decadal variability in SEA Spring rainfall, compared to other seasons. Such 
inter-decadal variability means that depending on where one commences an analysis of 
long term rainfall records, any trends may be strongly influenced by the period where the 
records commence (e.g. during a sustained wet or dry period), and also by the length of 
record to be analysed. The point at which data records commence is likely to have a 
bearing on any linear long term trends for any dataset and is largely unavoidable. The 
second point can be mitigated against much more effectively though, by having a record 
long enough to fully exhibit a wide range of decadal variations, in order to provide a more 
complete and accurate long term picture. Thankfully, the SEA region is fortunate to have 
a number of long term rainfall stations with monthly records which go back as far as the 
mid 19th Century. 
Recently, there has been an attempt to reconstruct a more accurate spatial depiction of 
what historical rainfall was like in SEA using the reduced number of rainfall recording 
sites in operation at the time (Timbal & Fawcett 2012). Taking into account the most 
reliable early instrumental records for Spring rainfall, it has been noted that in SEA as a 
whole, there has been an overall positive trend in Spring rainfall since 1865 (Timbal & 
Fawcett 2012), notwithstanding the marked decadal variability evident over that 150 year 
period. 
Of interest, Timbal & Fawcett (2012) also noted a reduced correlation between SEA 
Spring rainfall and tropical drivers of variability associated with the Indian and Pacific 
Oceans in the pre-1890 period compared to that observed in the 20 th Century. The 
reduced association with tropical drivers during this time coincided with a more irregular, 
and less variable, inter-decadal Spring rainfall record in SEA (Timbal & Fawcett 2012). It 
has been noted that the influence of ENSO and IOD on SEA Spring rainfall is quite 
variable over time. Risbey et al. (2009b) showed that ENSO’s relationship with SEA 
Spring rainfall was very strong during the late 19th and early 20th centuries, then 
weakened until 1948, when a strong influence was re-established however not to the 
same magnitude as experienced previously. From 1976-2005 the strength of the ENSO-
SEA rainfall teleconnection again diminished. Risbey et al. (2009b) also examined the 
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strength of the SEA Spring rainfall relationship with the IOD after the ENSO influence 
was removed. They found that prior to 1977 there were no significant correlations 
stretching back to 1890. The most recent period from 1977-2005 was the only time when 
the IOD exhibited a strong and widespread relationship with SEA. The temporal 
variations in the rainfall connection with tropical drivers, is reflected in the frequency of 
warm/cold events found during drought periods. This aspect of Spring rainfall in SEA is 
evident right back to 1890. 
From 1895-1902 the Federation Drought brought a marked decline (up to 25%) in the 
occurrence of rain days during Spring in SEA (Verdon-Kidd & Kiem 2009a). Significantly, 
after the establishment around 1890 of a more robust relationship between SEA rainfall 
and ENSO (Timbal & Fawcett 2012), a period of sustained El Niño activity coincided with 
the Federation Drought (Verdon-Kidd & Kiem 2009a). Hence the spatial signature of the 
Federation Drought rainfall decline at a national level during 1895-1902, was one of 
widespread rainfall deficits over eastern Australia (Verdon-Kidd & Kiem 2009a), reflecting 
those areas most typically exposed to the ENSO influence. Also significant during the 
Federation Drought was the behaviour of the IOD, with a complete absence of the 
negative phase which is associated with enhanced moisture flux from the ocean waters 
to the northwest down to SEA (Ummenhofer et al. 2009). Hence, the persistence of ‘non 
wet’ phases in both tropical drivers during this period served to reinforce drought 
conditions in SEA, particularly in Spring (Verdon-Kidd & Kiem 2009a) when their greatest 
impact is felt. 
Another significant period of reduced rainfall occurred from 1937-1945 during the WWII 
Drought (Ummenhofer et al. 2009; Verdon-Kidd & Kiem 2009a) which saw a general 
reduction in SEA rainfall across all seasons. The spatial extent of this drought at a 
national level was much more widespread than the Federation Drought, with negative 
rainfall anomalies extending further westward through Central Australia up into the west 
and northwest of Western Australia (Verdon-Kidd & Kiem 2009a). Such a spatial 
signature indicated a marked decrease in atmospheric moisture flow emanating from the 
oceans to the northwest of Australia. This is confirmed by the fact that there was just a 
single –IOD year during the WWII Drought, as well as few La Niña’s (Ummenhofer et al. 
2009), both of which favour enhanced flows of tropical moisture to SEA. Whilst the 
ENSO signal saw a predominance of neutral conditions (Ummenhofer et al. 2009), rather 
than a prominence of El Niño years as occurred in the Federation Drought (Verdon-Kidd 
& Kiem 2009a), the IOD displayed an increasing frequency of +IOD events, reducing 
Indian Ocean moisture flux to SEA and serving to exacerbate the dearth of –IOD phases 
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(Ummenhofer et al. 2009). This effect peaked at the end of the WWII Drought with 
persistent +IOD conditions coinciding with the driest period of the drought from 1943-
1945 (Ummenhofer et al. 2009). 
Following the WWII Drought, SEA Spring rainfall generally increased, and varied strongly 
on decadal timeframes with pronounced wet periods in the 1950s, 1970s and early 
1990s (Timbal & Fawcett 2012). The 1950s and 1970s wet periods in SEA Spring rainfall 
coincided with stretches of fewer +IOD and El Niño events (Ummenhofer et al. 2009). 
Since the late 1990s, there has been a marked decline in Spring rainfall in SEA (Timbal 
et al. 2010). Considering the strong decadal variability in SEA Spring rainfall, and the fact 
this seasonal decline has not been evident for as long a period as those seen in Autumn 
and Winter, it is difficult to say whether this extended rainfall reduction represents a more 
permanent change like that seen in other seasons. Of interest though, is the fact that 
there has been a significant trend in the behaviour of the IOD in this time. An absence of 
-IOD years has been noted during the Millenium Drought (Ummenhofer et al. 2009), 
whilst there has been an increase in the number of +IOD years (Timbal & Fernandez 
2009), including an unprecedented three consecutive +IOD events from 2006-2008 
(Timbal & Fernandez 2009; Cai et al. 2011). This unusual occurrence of +IOD 
persistence, coincides with three of the driest years in the SEA Spring records (Timbal & 
Fernandez 2009; Timbal et al. 2010). 
 
2.3.4 Summary 
The concept of the Terrestrial Water Balance as described in the literature (Hobbins et  
al. 2008; Roderick et al. 2009a, 2009b) is founded on the net balance of moisture at the 
land surface resulting from precipitation and evaporation processes. These processes 
are affected by local, regional and global atmospheric circulations. It is clear that there 
have been changes in climate regime across SEA over time, with differing effects and 
magnitudes depending on the season. One consistent change evident across all 
seasons in SEA, is an increase in temperatures since the early 20th century. Such an 
increase in temperature has been observed globally across this period, resulting in 
changes to regional atmospheric circulations as a result of expansion of the tropical zone 
and Hadley Cell (Post et al. 2014). Such circulation changes affect both the precipitation 
and evaporative processes influencing the TWB. 
Pan evaporation records are sparser and of shorter duration compared to precipitation. 
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However, they do depict a significant and widespread reduction since the 1970s across 
much of Australia including SEA. Most research has focussed on annual pan evaporation 
amounts so it is not known what seasonal proportions are responsible for this decline. 
In terms of precipitation, records from the 1800s display marked inter -annual variability 
across SEA, and in some seasons, significant variations on multi-decadal timeframes 
(Gergis et al. 2012). An emphasis in this review has been on the seasons exhibiting the 
most significant long term trends. The longest and largest seasonal precipitation trend is 
the decline observed in Autumn since the 1970s, with shorter and smaller changes seen 
in Winter and Spring. Analysis of atmospheric circulation during this period shows an 
increase in atmospheric pressure resulting from a poleward expansion of the Hadley Cell  
(Post et al. 2014). Changes in the behaviour of large scale climate drivers also display 
significant changes, which vary on a seasonal basis. The SAM displays an increasingly 
positive trend throughout the Growing Season since the 1970s. For tropical drivers, 1976 
stands out as a change point in their respective connection with SEA rainfall. The ENSO 
influence has reduced and IOD relationship has strengthened since then, which affects 
certain rain bearing processes, which are impacting SEA less frequently than early in the 
observational record. 
Hence an understanding of changes to large scale climate drivers is important not only 
for understanding the changes seen in precipitation, but also to pan evaporation. Such 
changes are currently an area of very active research in Australia, as we seek to build on 
the current state of knowledge into how such mechanisms affect the climate of SEA.   
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CHAPTER 3 DATA  
3.1 Station location and history   
The region of interest for this study is in central Victoria. In assessing regional 
characteristics of the TWB, it was necessary to select stations that represented a range 
of geographical and topographical gradients evident in the region. Specifically, stations 
occurring along a north-south orientation were selected, stretching from the Victorian 
coastline, across the Great Divide and onto the northern inland plains. Naturally it was 
necessary to obtain stations that are joint rainfall and pan evaporation stations so to be 
able to assess both aspects of the TWB as well as generate Effective Precipitation 
statistics. The sparser pan evaporation network dictated which stations could be 
considered, whereas rainfall stations were abundant in the region. Initially seven stations 
were selected, however due to data limitations that would have compromised the 
integrity of any analysis, two (Durdidwarrah and Geelong Salines) were omitted. Details 
of their omission are found in sections 4.3 and 4.4. The remaining five stations were 
chosen on the basis that:  
 They have long term rainfall and pan evaporation records; 
 Each station represents a unique topographical and climatic location within a general 
north-south alignment; 
 Meteorological records at each station are largely complete with only minimal missing 
data. 
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Table 1: Details of stations used in this study. Stations in red were omitted after quality 
control of their data. 
 
The final five stations as well as the two which were omitted are listed in Table 1, along 
with site and record details. Figure 6 shows the location of the final five stations in central 
Victoria which were selected for this research. 
Station Name 
(Number) 
Latitude/Longitude Elevation 
(metres above 
sea level) 
Start of 
Rainfall 
Records 
Start of Pan 
Evaporation 
Records 
Cairn Curran 
Reservoir (088009) 
36°59'19"S 
143°58'29"E 
220.0m Jan 1949 Aug 1972 
Malmsbury 
Reservoir (088042) 
37°11'47"S 
144°22'27"E 
470.0m Aug 1872 Aug 1969 
Moorabool Reservoir 
(087045) 
37°30'54"S 
144°04'58"E 
605.2m Aug 1912 Oct 1971 
White Swan 
Reservoir (089048) 
37°31'01"S 
143°55'39"E 
551.0m Jan 1953 Oct 1971 
Wurdiboluc 
Reservoir (087126) 
38°16'56"S 
144°03'06"E 
136.0m Jan 1969 Mar 1969 
**Durdidwarrah 
(087021) 
37°49'24"S 
144°12'28"E 
365.8m Jan 1874 Sep 1971 
**Geelong Salines 
(087023) 
38°09'31"S 
144°23'43"E 
4.0m Apr 1897 Jan 1965 
**Omitted from this study due to concerns over pan data quality 
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Figure 6: Geographic location of the five stations used in this study (Source: Google 
Earth). 
 
3.2 Analysis period 
The period of analysis for this research was primarily determined by the length and 
quality of data available. Specifically pan evaporation data posed several unique 
considerations whereas the rainfall records at all stations were largely complete and 
extended well back into the early 20 th century at most stations. In order to assess rainfall 
and pan evaporation characteristics over time, it was necessary to compare identical 
time periods. The length and quality of pan evaporation data was paramount to this 
decision. The earliest pan evaporation data amongst our network was at Wurdiboluc 
Reservoir which commenced in 1969, a date which would be considered relatively recent 
if viewed in a rainfall context. The latest station to commence pan evaporation records 
was Cairn Curran in August 1972. Ideally it would have been desirable to analyse back 
to Wurdiboluc’s 1969 data and incorporate as much historical data as possible, yet there 
was a need to ensure consistency between stations in order to accurately capture region 
wide trends and correlations with climate drivers. Hence the earliest that the analysis 
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period could start was 1972 as that was the first year in which pan evaporation records 
exist at all stations. Yet there were other concerns that were taken into account, mainly 
considering the quality of the data in the first few years of each station ’s pan evaporation 
record.  
It had previously been noted by Jovanovic et al. (2008) that some previous studies had 
considered pan evaporation trends in Australia using raw data from as early as 1970.  
They suggested that in using the raw data, several key areas of the pan evaporation 
record had been neglected without referring to relevant metadata. There is one such 
area that is of particular importance to this research and the relevance of any findings, 
which may have been previously overlooked at times in the literature. That topic 
concerns the installation of bird guards into the network which is explained further in 
section 4.2.4. Essentially the incorporation of this equipment into the pan structure 
served to reduce pan evaporation rates, generally by about 7% (van Dijk 1985). All 
stations in our network were installed with bird guards by July 1974, thus all network data 
from 1975 onwards was obtained using comparable equipment. This would eliminate any 
source of bias from individual stations taking readings using non-uniform equipment. Yet 
the finding that pan evaporation was affected to a similar degree across different 
geographic areas by the introduction of bird guards, allows us to have some confidence 
in applying a common correction factor to the raw data at each station prior to this 
equipment being installed. In any case, the length of data in the overall analysis that 
would be subject to correction would be rather small. Hence in order to make use of 
available pan evaporation data between 1972-1974, it was decided that applying an 
appropriate correction factor would assist in homogenising the pre-1975 data and making 
it viable with the remaining records. 
As well as allowing for analysis to occur as far back as 1972, the inclusion of 1972-1974 
data encaptures three particularly anomalous climate years which may be particularly  
significant in analysing relationships with climate drivers like ENSO owing to the strong 
signal they exerted on Australian climate in those years. Very dry and warm drought 
conditions were experienced in 1972 whilst 1973-74 was very wet associated with very 
strong La Niña conditions. Therefore by incorporating 1972-1974 into our analysis, this 
ensures the inclusion of prominent ENSO years which contrast with the generally 
subdued ENSO influence which has been experienced for much the analysis period after  
1975. It is believed that covering the period from 1972-2013 provides as long and reliable 
a history of pan evaporation as is possible, given the available records.      
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3.3 Rainfall data 
All stations had very long and continuous rainfall records with minimal missing data. All 
monthly records were complete however there were occasional missing days in the 
record. These were investigated and in most cases they coincided with no rainfall being 
recorded, hence their absence was inconsequential. Where it was apparent rainfall had 
fallen that day, a total from the nearest neighbouring station was used to compensate. 
No infilled data from neighbouring stations was greater than 5 mm, so there was no great 
local discrepancy in rainfall totals, nor significant changes to that respective month’s 
total. See section 4.1 for detailed information on the quality control of rainfall data.    
 
3.4 Pan Evaporation data 
Five of the seven pan evaporation stations initially selected continue to operate today. 
The two which no longer operate and have been subsequently omitted from this study, 
are Durdidwarrah and Geelong Salines. Despite their respective closures in 2000 and 
2009, both stations provide a minimum of 30 years of evaporation data, a period 
generally considered necessary to ensure validity of any climate variables.  
In some previous studies in Australia, analysis of pan evaporation data has occurred by 
using a ‘high quality (HQ) pan evaporation dataset’ which has been developed by the 
Bureau of Meteorology (BOM) (Jovanovic et al. 2008). This dataset incorporates stations 
which possess reliable and accurate data, a long and complete length of record, and 
ideal siting arrangements where other physical conditions exert no additional influence 
on the pan itself. Of this dataset, only one ‘HQ’ station is used in this particular research 
– Wurdiboluc Reservoir. Despite this, pan evaporation data from all stations have been 
scrutinised further to ensure the veracity of any statistical analysis. In the HQ dataset, the 
station pan evaporation is presented as monthly data. Despite possessing just the one 
station from this dataset, time has been taken to ‘quality control’ pan evaporation data at 
all stations, on a daily level throughout the historical record. As the ultimate aim of this 
research is to study changes that occur on monthly, seasonal and inter-annual 
timeframes, it is essential that the integrity of the daily data is maintained to provide 
confidence in the monthly and seasonal totals that evolve from such data. Please see 
section 4.2 for detailed information on the quality control of pan evaporation data.  
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3.5 Climate indices 
3.5.1 ENSO 
Being a coupled atmospheric/oceanic phenomenon, ENSO relies on both components to 
exhibit the same anomalous conditions for an ENSO event to be classified. Further, this 
means that the coupled interactions serve to reinforce both the existing atmospheric and 
oceanic states respectively. Thus the state of ENSO can be measured by a variety of 
physical attributes, measuring both atmospheric and oceanic conditions (Risbey et al. 
2009b). The most common and historically earliest indices depicting the tendency and 
strength of ENSO, were those relating to atmospheric pressure differentials across the 
Pacific Ocean. This was measured by the Southern Oscillation Index (SOI), which 
reflected the sign and difference in mslp between Darwin and Tahiti.  The SOI correlates 
very strongly with climate in northern and eastern Australia, as well as SEA (Risbey et al. 
2009b).  
More recently, SST anomaly indices have been used to measure ENSO (Fig. 7). 
Historically ENSO events (La Niña and El Niño) have been associated with large scale 
SST anomalies between the western Pacific - a zone categorised as 'Nino 4' (5°N-5°S, 
160°E-150°W) and the eastern Pacific –'Nino 3' (5°N-5°S, 150-90°W). In particular, 
anomalies in the eastern sector have often been found to be useful indicators of basin-
wide changes between ENSO phases. Since the 1970s ENSO events have exhibited 
some variation on this general principle, with the main area of SST anomalies tending to 
evolve further west in the central Pacific (5°N-5°S, 120-170°W) – a region known as 
'Nino 3.4'. This is particularly evident in El Niño years, with various research literature 
classifying such events as “non-traditional, date-line or Modoki El Niños” (Brown et al. 
2009; Risbey et al. 2009b). Whilst it is not the intention of this research to discuss the 
specific dynamics of such changes, it has been decided that for this study the Nino 3.4 or 
Oceanic Nino index is the most appropriate measure of ENSO. This is because the Nino 
3.4 indices are shown to be strongly related to large scale changes across the Pacific 
during the period of our study rather than the more traditional eastern Pacific index 
(Risbey et al. 2009b). The choice of an ocean index over an atmospheric one, will allow 
a comparison with a similar oceanic IOD index. In any case, correlation comparisons 
between Nino 3.4 and SOI indices, and rainfall and pan evaporation in our study were 
found to be very similar. Monthly and seasonal Nino 3.4 data were obtained from the 
NOAA National Weather Service Climate Prediction Center. 
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Figure 7: ENSO regions from which SST data is sourced. (Source: Bureau of 
Meteorology). 
 
3.5.2 IOD 
The index used to measure west-east equatorial differences in the Indian Ocean is the 
Dipole Mode Index first developed by Saji et al. in 1999. This index measures the 
difference between sea surface temperature (SST) anomalies in the western (50°E to 
70°E and 10°S to 10°N) and eastern (90°E to 110°E and 10°S to 0°S) equatorial Indian 
Ocean (Fig. 8). Monthly IOD data were obtained from the Bureau of Meteorology. 
 
 
Figure 8: Location of the west and east dipoles of the IOD (Source: Bureau of 
Meteorology). 
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3.5.3 SAM 
The SAM has come under other titles, namely the Antarctic Oscillation; and has been 
described in the literature by several parameters over various regions using differing 
datasets (Ho et al. 2012). Historically the two most common methods of defining a SAM 
index have been to use either 700hPa or 850hPa geopotential height anomalies, or mslp 
anomalies, between 65°S/70°S and 40°S (Ho et al. 2012). Essentially, these describe 
the location of large scale pressure and circulation anomalies that characterise each of 
the two SAM phases. That is, anomalously high pressure is seen over the mid latitudes 
during +SAM with lower pressures at high latitudes, with the converse occurring during –
SAM. Ho et al. (2012) have completed an in depth review of the various methods used to 
construct SAM indices. This research has selected the Marshall Index as being optimal 
for this study on the basis that it is: 
 based on reliable mslp data from long term observing stations;  
 avoids issues associated with other SAM indices which use reanalysis data that 
includes spatially interpolated data from a very sparse observation network; 
 able to be extended back to 1958 and cover our analysis period rather than some 
other indices which incorporate satellite data which is only available for shorter 
periods. 
Ho et al. (2012) recommend the Marshall index as one of the most reliable SAM indices 
developed thus far. 
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CHAPTER 4 QUALITY CONTROL 
4.1 Rainfall 
4.1.1 Missing data 
Missing rainfall data was restricted to the occasional absence of daily values. Where this 
occurred and it was evident that rainfall had fallen in the region on that day, the same 
daily value from the nearest neighbouring station was substituted. Due to the high 
density of rainfall stations in the region, substituted values were assumed to accurately 
represent the spatial pattern of rainfall on that day. In any case, such occurrences were 
rare and usually involved minor rainfall amounts such that their influence on the overall 
analysis would be minimal.   
 
4.2 Pan Evaporation 
4.2.1 Missing data 
The main issue arising from Quality Control (QC) of the daily data was primarily to do 
with gaps in the data. Months of completely missing data were evident at all stations 
though there was a tendency for this to reduce over time. With respect to missing daily 
values, close scrutiny of the dataset was undertaken to try to explain the absence of 
such values and if possible provide a proxy reading to ensure a full month of data could 
be obtained. In some cases, missing days were later included as part of a multi day 
reading incorporating those missing day/s when the Observer returned to take the 
reading. Such a scenario was evident at Geelong Salines from 1997-2009, when there 
was no Observer available to take readings on weekends etc. In the case of this station 
no loss of data occurred over this period, and monthly totals were still able to be 
constructed from the daily data. Likewise at other stations, multi day totals had no 
detrimental effect on monthly values providing the period of the reading began and 
finished within the same month.  
There were however, missing days which weren’t accounted for as a cumulative total at 
a later date. Where more than 5 days were missing in a month, the month was discarded 
from any analysis as there was deemed to be too much uncertainty around the resulting 
monthly total. Such concern over the impact of significant amounts of missing data, is 
magnified during warmer months when daily pan evaporation rates can be very large, 
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and daily variations between readings are considerable. In Winter, daily variations in pan 
evaporation are relatively small and hence the impact of missing daily data is reduced. 
Despite this, the same policy of discarding months with more than 5 days missing data 
was implemented.  
 
4.2.2 Infilling with daily synthetic values 
When 5 or less days were missing in a month, the data was infilled on those days using 
the Silo data drill, a product from the QLD Department of Science, Information 
Technology, Innovation and the Arts (DSITIA). DSITIA (formerly Department of Natural 
Resources and Mines - DNRM) have developed a synthetic, daily Class A pan 
evaporation dataset for Australia for the period 1910–present. The synthetic pan dataset 
was produced using a linear model and NR&M climate grids, covering all of Australia at 
0.05º (~5 km) spatial resolution (Rayner 2005). The resulting synthetic pan evaporation 
grids were calculated using a thin-plate spline algorithm to interpolate observed data 
supplied by the Bureau of Meteorology (Rayner 2005). However, not all of the climate 
variables used to derive the synthetic pan evaporation data are directly observable. The 
required input climate variables used to generate the synthetic pan data included: 
 Minimum and maximum daily temperatures; 
 Vapour pressure records derived from 9 am wet-bulb/dry-bulb air temperature 
observations, and station-level air pressure; 
 Daily solar radiation records which were derived from total cloud amounts. Cloud 
amounts are observed using standard meteorological procedures, and measured 
in oktas (Rayner 2005).  
The resulting interpolated synthetic pan data was used to provide a daily point pan 
evaporation estimate that could be used to infill missing days. By using this approach, full 
use was made of monthly pan evaporation data containing minor gaps, rather than 
discarding the entire month. 
From a long term time series perspective this is important as missing months prevent the 
calculation of a subsequent seasonal value.  
One may ask why not use this synthetic data to infill missing months? There are a 
number of reasons why this was not undertaken: 
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1) This research is explicitly looking at pan evaporation. As the literature implies, 
there has been considerable debate about evaporative trends which are 
occurring, and are expected to occur in the future on a warming planet. Empirical 
measures used to calculate such concepts as evapotranspiration and 
actual/potential evaporation, are based on input from variables known to 
influence the evaporative rate e.g. air temperature, solar radiation etc. These 
measures generally imply that evaporation should increase as the planet warms. 
However, there is an increasingly large body of evidence documenting long term 
decreases in pan evaporation in many parts of the world including Australia. 
Therefore a full set of ‘measured’ pan evaporation values are required to 
distinguish between differences in observed and theoretical observation of 
evaporation; 
2) Interpolated synthetic pan evaporation data has only been used to infill small 
amounts of daily values to provide a complete month of data, hence the impact of 
any discrepancy between daily synthetic and actual, but missing, pan evaporation 
values is minimised when the monthly total is derived. Using larger amounts of 
daily synthetic data may enhance such discrepancies in the final monthly value; 
3) In the synthetic dataset, only two atmospheric variables are used as input 
variables - solar radiation and vapour pressure deficit (humidity). Research of pan 
evaporation in Australia indicates that the most significant influence on pan 
evaporation trends is average wind speed (wind run). However, wind is not an 
input variable used in constructing the synthetic pan evaporation dataset. As 
such, the synthetic data lacks this very important input variable.  
 
The synthetic data otherwise provides a useful estimate of pan evaporat ion at a 
particular location on a given day, and is valuable for completing the near complete 
monthly records. However, as mentioned there are limitations to the accuracy of the  
data. For example, the synthetic data doesn't capture extreme daily values that accrue 
for pan data e.g. high evaporation days are underestimated and low evaporation days 
are overestimated (Rayner 2005). It has been suggested that the absence of wind input 
may be the outstanding reason for this. Finally, the Australia-wide synthetic pan 
evaporation dataset displays a different long term trend compared to actual pan 
evaporation records i.e. the synthetic set displays a long term increase, in contrast to the 
general decrease observed in actual pan evaporation measurements (Rayner 2005).  
53 
 
At all stations, the issue of missing pan evaporation data has decreased over the 
historical record, such that since 1990, there is basically full and complete records at all 
stations with just the occasional missing day of data. In nearly all cases dur ing this 
period, the missing days coincided with heavy rainfall events. Thus the evaporation pan 
would have overflowed at some stage during the 24 hour period before the Observer 
could remove any water. Generally the evaporation pan overflows after about 40 mm of 
rain, though this can vary depending on the time of year.   
 
4.2.3 Siting and exposure 
Though not widely recognised in the literature, the significance of instrument exposure 
appears to be a critical issue, and one which tends to affect the pan evaporation more 
than rainfall. This is because pan evaporation is influenced by several atmospheric 
variables including air temperature, solar radiation, relative humidity and wind flow, 
whereas on a local scale, the amount of rainfall received is unlikely to be directly affected 
by changes in air temperature or solar regime etc. Whilst pan evaporation, like rainfall, is 
subject to broad scale weather regimes, it appears that modification of these conditions 
on a local level can more readily affect pan evaporation through changes in the 
immediate environment. A prime example often seen at pan evaporation sites, is the 
addition or removal of trees or other physical structures such as buildings, that suddenly 
change the exposure of the pan to markedly enhanced or decreased wind flow (van Dijk 
1985; Jovanovic et al. 2008). Such a change can be detected in the data by examining 
readings from a low wind-run cup anemometer situated two metres above the pan, which 
forms a common part of the pan structure at most stations. As well as modification of the 
near environment, movement of the pan equipment itself to a nearby site could have a 
similar influence on exposure, especially if the new environment is not comparable to the 
original location, e.g. a sheltered valley as opposed to an exposed ridge line. 
A check of historical metadata at each station was undertaken to discern whether 
significant changes to the pan instrument or the nearby environment, could have 
adversely affected the pan evaporation data. Station reports which included very detailed 
site diagrams back to the early 1990s were obtained from the Bureau of Meteorology and 
scrutinised (BOM 2013a-g). Significant changes to pan exposure were difficult to identify 
over this period unless explicitly documented. The Geelong Salines station was an 
exception and for this reason was removed from the analysis (please see section 4.3 for 
more details). The period before 1990 had minimal amounts of metadata, most likely a 
54 
 
result of such data not being digitalised from the original paper records. Therefore it is 
possible that from 1972-1990 a change in site or instrumentation, may have occurred 
which may not have been detected due to incomplete metadata documentation.  
One way to ensure that a time series is not adversely affected by changes to the 
immediate site environment, is to check the raw data for abrupt changes in the mean 
value of the time series, and which appears to be of a non-climatic origin. In Chapter 9 
Residual Mass Curves (RMC) are used to detect change points in both rainfall and pan 
evaporation time series at stations in this study. Usually, when a broad scale change in 
climate regime occurs, such a change point shows up as being relatively constant in 
timing, direction of change and magnitude at most stations e.g. a change of rainfall 
regime occurs within several years at all stations. Such changes have been noted with 
respect to Autumn rainfall in the region. Whilst it is not unusual to have variance across 
stations, particularly between those located in significantly different climate regimes e.g. 
coastal and inland areas; significant discrepancies, particularly with regards to the 
direction of change and timing, are red lights that a closer examination of the metadata 
should be conducted. 
Such a situation occurred in all seasons for pan evaporation, with two stations 
(Malmsbury and Wurdiboluc) displaying markedly opposing signs in the period up until 
the early 2000s compared to the rest of the network. Specifically, these two stations 
exhibited anomalously low pan evaporation (relative to the 1972-2013 period) up until the 
mid 1980s then switched to markedly higher pan evaporation rates thereafter. This 
contrasted with the rest of the network which generally displayed a subtle but steady 
decline in pan evaporation with very similar timing in changes of the rate of this decline. 
The timing of change points in the pan evaporation regime at Malmsbury and Wurdiboluc 
varied substantially from the other stations. Examination of the seasonal time series for 
both stations confirmed an overall increase in pan evaporation since 1972, which was 
particularly marked after 1986. Could it simply be that there is variance geographically 
across the region and that at some stations this manifests as increased pan evaporation, 
whilst others show a decline?  
Whilst this is no doubt possible, there are several factors which would be expected to 
accompany these changes if they were indeed climatically influenced: 
1) The stations that differ from the rest of the network by displaying increasing 
trends, would be assumed to be subject to a similar broader climate influence e.g. 
proximity to an ocean; or modification of regional conditions such that local 
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affects are very similar and peculiar to those particular stations e.g. instrument 
sheltering from topography. The two stations in question are a long distance apart 
and subject to quite different climatic influences – Malmsbury is inland, elevated 
and with a northerly aspect, whilst Wurdiboluc is by the coast, surrounded by low 
undulating plains some 150kms to the south. Hence there doesn’t appear to be 
any regional connection or common local factor which should result in either 
station displaying markedly different pan evaporation regimes to the rest of the 
network. 
2) A change in conditions resulting from significant climatic influences should have 
occurred at the time both stations changed to a higher pan evaporation regime in 
the mid 1980s. There is no indication that ENSO, IOD or SAM underwent a 
significant long term change during the mid 1980s, and if this was to happen then 
it would be expected to translate into widespread and similar changes across the 
region. As has been noted, changes in mean wind speed as measured by wind 
run, play a most important role in attenuating pan evaporation. At Wurdiboluc, it 
was noted that a marked increase in wind run was evident from the mid 1980s, 
relative to the early part of the record, and that this coincides with the jump in pan 
evaporation experienced at this time. This suggests that changes to instrument 
exposure were occurring at a local level at this time. 
3) The abrupt nature of the change in pan evaporation regime at Malmsbury and 
Wurdiboluc is stark. The period from 1972-1986 shows a very low and consistent 
pan evaporation regime during all seasons at both stations. During this time there 
is a remarkable lack of inter-annual variability in the data despite strong variability 
in climate driver behaviour (especially ENSO). This suggests the exposure of pan 
instruments was relatively low to not reflect such variability. Alas, from 1987 the 
inter-annual variability increases markedly at both stations during all seasons. 
The change in pan evaporation after 1986 at both stations is not so much a 
change in trend, but a change in mean associated with a sudden jump in values. 
This is because after 1986 the medium term trend up until 2013 is relatively 
steady or even declining at both stations, meaning that the overall increasing 
linear trend in the time series is caused by a one off switch to a higher pan 
evaporation regime after 1986. The fact that years that would have been 
considered to have very high pan evaporation before 1987, would be considered 
as exceptionally low in the 1987-2013 period, is of note. 
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Fortunately there is evidence to explain the discrepancies that have been noted and 
discussed above. The inclusion of Wurdiboluc Reservoir in the HQ Australian Pan 
Evaporation dataset sheds light on how further adjustment to the raw data was 
necessary in order to derive a homogenous record. In Jovanovic et al. (2008), they note 
a relocation of the pan evaporation site in 1986, consistent with the timing of change to a 
higher pan evaporation regime. This necessitated a data adjustment for the period before 
the relocation to ensure that data prior to 1987 was comparable with the rest of the 
record, and not unduly influenced by the very low pan evaporation regime prior to 
relocation. Whilst Jovanovic et al. (2008) provide a comprehensive explanation of the 
methods used to adjust the data, we will simply outline the salient points of their process 
as follows: 
 Identification of possible non-climatic change points in the data from examination 
of metadata and/or statistical programs capable of identifying such points;  
 Comparison of suspect record with a reference time series. Jovanovic et al. 
(2008) created a reference series for each suspect station using an objective 
analysis method based on the Barnes successive correction technique;  
 After confirming the change point and its association with a site relocation, the 
data was adjusted based on the change of mean from before and after the 
change point in each month. This resulted in adjustment from the start of the data 
series up until the change point, with increases across all months to ensure 
homogenisation with the data series after 1986 which has maintained similar 
instrument exposure to the present day. 
 
The appropriateness of the homogenisation process by Jovanovic et al. (2008) is 
vindicated by recalculating the RMCs for Wurdiboluc using the adjusted data. In all 
seasons, Wurdiboluc exhibits relatively similar trends though of varying magnitude of pan 
evaporation regime, like the other stations in the network. Recognised change points in 
the data series now also closely align with other stations and appear to be the result of 
pure climatic influences. The marked change point associated with the site relocation 
and consequent under-exposure in the first part of the record has disappeared.    
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For Malmsbury a similar, though slightly simpler and more subject ive variation on the 
homogenisation of the Wurdiboluc dataset was conducted. Whilst there was no doubt in 
identifying a change point around 1986, there was unfortunately no wind recording 
equipment available to verify changes in air flow across the pan. Also identifying a site 
relocation similar to Wurdiboluc, or changes to the immediate pan environment, was not 
possible from the metadata. Therefore after considering the situation and subsequent 
changes made at Wurdiboluc, a subjective decision was made that the change point in 
Malmsbury pan evaporation regime in the mid 1980s, was not the result of changes 
resulting from a climatic influence. Instead it appears that such changes have resulted 
from non-climatic changes to the exposure of the pan, and despite being unable to obtain 
evidence of documented changes around this time, for the purpose of this research the 
data from Malmsbury will be treated as inhomogenous and adjusted accordingly.  
With a high degree of confidence for the reasons and timing of the change point, the data 
was adjusted following a simpler alternative method suggested and noted in Jovanic et 
al. (2008). This was to create a reference series from neighbouring stations known to be 
homogenous over the period in question. We used the rest of our network as a reference 
series. After confirming, even in the light of changes at Wurdiboluc, that 1986 marked a 
dramatic change in the dataset mean, the Malmsbury record from 1972-1986 was 
adjusted using the change of mean from before and after the change point for each 
month as was carried out at Wurdiboluc. Again this adjustment was calibrated using the 
RMCs on the new homogenous dataset, and like Wurdiboluc was shown to remove the 
significant differences between the under-exposed early records and the rest of the 
series, making it comparable with all other stations in the network (Fig. 9). 
 
Figure 9: Comparison of RMCs before and after homogenisation of the Wurdiboluc and 
Malmsbury records in Autumn. 
In concluding this section, it is noted that 1986 appears to be a peculiar and significant 
year in the pan evaporation records at most of our stations. Whilst it has be noted that 
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non-climatic changes relating to the environment surrounding the pan have occurred at 
two stations, there appears to be a vast amount of missing data at other stations during 
this time. Like Wurdiboluc, there is no pan evaporation data available at Moorabool or 
White Swan Reservoirs in 1986, and there is a three month hiatus at Cairn Curran too. It 
may be that 1986 was designated a year to improve the pan evaporation network by 
moving stations which may not have been strictly meeting standards for instrument 
exposure to more ideal sites nearby? This would explain the subsequent increases in 
exposure seen at Malmsbury and Wurdiboluc. At the other stations, no significant long 
term change in mean could be discerned, regardless of whether or not changes in 
exposure occurred at this time requiring adjustment. Suffice to say no other year before, 
or after, 1986 has displayed such amounts of missing data, nor marked changes from 
the earlier dataset once readings recommenced.      
    
4.2.4 Bird guard corrections 
A change to the pan instrumentation took place around Australia predominantly during 
the early 1970s (see Fig. 10 & Table 2), to prevent birds and other animals from 
accessing water in the pan and hence producing erroneous data (Jovanovic et al. 2008). 
The addition of a structure called the bird guard was a uniquely Australian modification 
that sat on top of the pan itself and was fitted with chickenwire to restrict animal access 
but still allow the pan water to interact with the air above. Field studies found that the 
installation of such structures acted to decrease exposure of the pan to elements like 
sunlight, wind and rainfall, and modified the aerodynamic conditions immediately above 
the pan. This had the effect of reducing pan evaporation by approximately 7% compared 
to unscreened pans (van Dijk 1985). Whilst there was some variance (4-8%) in the 
magnitude of the reduction at different locations, the average of 7% can be used as a 
correction factor that generally represents average differences in a similar manner to that 
used for the calculation of lake or vegetation evaporation. 
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Figure 10: Evaporation pan with bird guard on 
top. Table 2: Date of birdguard installation. 
In this study there were no corrections previously applied to the pan evaporation 
datasets at any of the stations, including the homogenised dataset for Wurdibo luc 
Reservoir. In the homogenisation process of Jovanovic et al. (2008), they only adjusted 
data before or after the installation of the bird guard if it was found to have had a 
significant and statistically identifiable effect on the dataset i.e. it showed up as a change 
point in the mean of the series. Hence not all stations were subject to homogenisation 
processes resulting from the bird guard installation. For our network, the dates at which 
bird guards were installed at each station were obtained. Generally the installation 
occurred very early on in the time series and all stations were fitted by 1975. Again, the 
RMCs were utilised to see if there were significant and abrupt changes in the mean of 
the time series around that time. Whilst there is some noise in the data early in the 
records, this tends to vary markedly between each station and over the different 
seasons. The occurrence so early in the time series also makes it difficult to be sure that 
a real change has occurred. It is noted that there were some abnormally high pan 
evaporation months in the first few years of each station dataset, particularly in Summer 
and centred around 1972 which indicated that the absence of the bird guard was 
noticeable at that time in exaggerating what were already high, but not unusual pan 
evaporation conditions due to drought. 
Station Date of 
Birdguard 
Installation 
Cairn Curran 3/8/1972 
Malmsbury 29/5/1973 
Moorabool Reservoir 29/5/1973 
White Swan Reservoir 29/5/1973 
Wurdiboluc Reservoir 1/8/1974 
**Durdidwarrah 18/6/1973 
**Geelong Salines 12/12/1972 
** Stations omitted from final analysis after 
data QC. 
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Taking the prevailing conditions into account, it was considered likely that at least some 
months prior to bird guard installation displayed very high pan evaporation values which 
could only be explained by the absence of the bird guard. Hence the remaining three 
stations (Cairn Curran, Moorabool and White Swan) which had some extremely high 
monthly values were corrected such that data before the bird guard installation was 
adjusted upwards by 7%. This represents the correction factor noted earlier as being 
relatively standard in field trials, in the absence of data that allows a direct time 
comparison at the specific stations mentioned. This appears to have attenuated the 
excessively high monthly values identified, which previously had readings which were 
considerably higher than other more extreme drought periods like 1982. No bird  guard 
corrections were applied to Malmsbury or Wurdiboluc following their earlier 
homogenisation as neither site displayed excessively high values relative to the 
immediate years following the bird guard installation – despite being under exposed up 
until 1987 as described earlier.       
 
4.3 GEELONG SALINES – inhomogenous instrument exposure over time 
One of the stations initially selected for this research was Geelong Salines (087023), 
situated on Corio Bay. Like the other stations used in this study, a thorough check of the 
data and associated metadata was conducted. Geelong Salines is both a rainfall and pan 
evaporation station, making it an ideal candidate for P-E comparison. In addition, it is one 
of the earliest stations to have commenced pan evaporation records in 1965, with most  
other pan evaporation stations not operating until the 1970s. This offers a unique 
opportunity to extend the pan evaporation, and hence P-E record, back until the mid 
1960s. The station also contains a long wind run record back to 1972. Hence the 
opportunity exists to examine pan evaporation and wind run characteristics over 
multidecadal periods compared to the other stations used in this research which have 
much shorter wind run records. 
Since coming into operation, the pan evaporation equipment itself has remained largely 
unchanged. Thus the majority of changes which may introduce a non climatic influence 
into the dataset appear to be involved with site moves of the equipment. The initial siting 
of the Geelong Salines pan in 1965 appears to have been maintained until the end of 
October 1992, when the saltworks company on whose property the site was located, 
ceased operation. At this time, no staff were available to continue taking pan evaporation 
observations. At the end of August 1997, pan evaporation measurements resumed, 
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although the pan evaporation equipment was located approximately 50 metres away 
from the original site. In 2007, the site was relocated a second time, approximately 300 
metres away to a position more accessible to the staff office.  
Site diagrams are available which detail the areas surrounding the pan, with a 
description of nearby structures and their physical characteristics. These were created 
every time a BOM site inspection occurred (on average every five years). Whilst these 
diagrams contain much interesting and useful information, it is difficult to discern the 
difference in location when the site has moved, from one diagram to another. This is 
important, as understanding the relative instrument exposure from location to location is 
highly desirable. Additionally, the earliest site diagram only goes back to 1997 when the 
station recommenced pan evaporation measurements after a five year hiatus. What can 
be gleaned from the site diagrams, is that at each point, the pan evaporation setup is 
generally acceptable with respect to its surroundings. In other words, it doesn’t appear 
that at any location, the pan exposure has been compromised by being located next to 
large structures. There is evidence of water tanks etc being located nearby, but not of the 
density, proximity or size to significantly alter airflow around the instruments. This is also 
a reflection of the fact that rainfall is also measured in conjunction with pan evaporation, 
and there are reasonably strict criteria for the siting of rain gauges with regard to 
distance from nearby structures depending on their height.  
It has already been noted, that the influence of wind has been demonstrated to be a 
significant factor in effecting the pan evaporation rate. Hence the movement of the pan 
and data from its associated cup anemometer, could provide some insight into the 
relative exposure of the instrumentation as the site is moved over time. The seasonal 
wind run data from the two metre cup anemometer at Geelong Salines has been plotted 
in Fig 11. Seasonal pan evaporation has also been plotted. 
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Figure 11: Seasonal wind run and pan evaporation comparison at Geelong Salines             
a) Autumn, b) Winter and c) Spring. Mean Wind Run and Pearson correlation coefficient 
‘R’ for relationship with pan evaporation is displayed for the period either side of the 
station’s closure in the mid 1990s.  
Figure 11 shows that in each season, wind run is significantly and positively correlated 
with pan evaporation at the site, particularly in Autumn. Although there is some 
difference in the R value between wind run and evaporation in the two periods either side 
of the station’s closure, strong to very strong relationships still exist throughout the entire 
time series in each season. This suggests that the effect of wind run on pan evaporation 
at the site has always been important. The most striking feature of the time series 
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however, is the dramatic increase in wind run following its reopening in 1997. The 
increase is generally between 80-100% higher than the average that existed up until 
1992. Critically, no seasonal values in the period prior to 1992, even come close to 
approaching those seen after the reopening in 1997. It appears that a completely new 
baseline for wind run exists in the second part of the record compared to the first half. 
This is despite the relative influence of wind run on pan evaporation remaining relatively 
constant either side of the station closure. With wind run having a significant effect on 
pan evaporation, this then casts some doubt on the pan evaporation figures that wind run 
had previously had a profound influence on.   
Given the fact that strong relationships exist between wind run and pan evaporation at 
the site throughout the record, one could argue that an understanding of this relationship 
could allow for the two periods to be merged into one to form a composite time series 
using linear regression. However, the key factor being analysed in this research is long 
term trends within the data. Fig. 11 shows that pan evaporation too increases after the 
station reopens in 1997, although it is not nearly of the same magnitude as the increase 
associated with wind run. This is because solar radiation, air temperature and humidity 
also contribute to the evaporation rate and so changes in these variables act to moderate 
the changes inflicted by wind run. Yet the change to a higher pan evaporation regime 
after 1997 is still evident. 
So to the question left to be answered in trying to understand this discrepancy in the time  
series: is the change in wind run a result of a different circulation regime, i .e. climatic 
change, or the result of artificial changes brought about by changes in instrument 
exposure from one location to another? The fact that a strong to very strong relationship 
between wind run and evaporation exists before and after the station closure in all 
seasons is important, and suggests that the evaporation rate resulting from changes in 
the wind run are indeed a reflection of this relationship. Hence the strength of the 
relationship means that one must be able to have confidence in the accuracy of the wind 
run data before accepting the flow on effects seen in the pan evaporation data. Yet it is 
the magnitude of the change in wind run after 1997 that is most concerning and notable 
despite the wind run-evaporation relationship remaining relatively constant. The level of 
wind run in the latter period is unprecedented before 1992, with even the highest wind 
run seasons in the first period falling short of the lowest wind run seasons during the 
latter period. Inter-annual variability on the seasonal scale throughout the time series is 
not marked, so changes from one period to another can’t be attributed to runs of 
exceptionally high or low value years. Instead there is a change in baseline wind run 
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regime from one period to another with changes being approximately 80-100% higher in 
the second period compared to the first. Climatically, this is a rather exceptional increase 
on a regime that had remained relatively steady from 1973-1992, which makes this 
scenario unlikely. A smaller magnitude of increase in wind run could have been 
plausible, but there has been no change climatically in circulation from one period to the 
next that would explain a doubling of the average wind speed. In fact, changes in large 
scale circulation during this time would tend to suggest that the wind run may have 
decreased rather than dramatically increased. The only possibility is that being located 
on the shores of Corio Bay, this station has been heavily influenced by a local wind 
phenomena restricted to the local area i.e. a seabreeze effect owing to its proximity to 
Corio Bay. In a warming climate where land temperatures are rising faster than over 
water, this could act to increase the frequency and strength of sea breeze phenomena, 
and in that regard, the Geelong Salines station would be particularly exposed. Yet this 
incidence would be most pronounced in Summer when land temperatures and land-sea 
temperature differences are greatest. Fig. 11 shows the increase to be consistent 
through all seasons from Autumn to Spring including the coldest months when sea 
breeze effects would be minimal. Hence, it is highly unlikely that changes in local sea 
breeze regimes can be attributed to the changes observed. 
With elimination of these potential climatic effects, it appears that the only explanation for 
such a change in wind run regime is that it is due to artificial influences, most likely a 
result of a change in siting and thus exposure of the equipment. The consistency and 
magnitude of the wind increase after 1997 supports this hypothesis. Whilst exact details 
for the change in exposure between the locations are uncertain in the metadata, even a 
relatively minor relocation appears to have had a significant influence on the exposure of 
the anemometer instrumentation and hence the wind run values derived. Thus its 
influence on the pan equipment is not comparable with that before 1992. The situation is 
compounded by a 5 year gap in data between changes in site locations. Ideally from a 
time series perspective, a complete and homogenous dataset is needed to accurately 
assess long term trends. A large data gap is by itself, a compelling reason for dismissing 
the dataset when trying to analyse long term trends. This coupled with the fact that there 
is a remarkable change in average wind run regime associated with a site change either 
side of this gap, raises a high degree of doubt over the homogeneity of data throughout 
the record. The 5 year gap in data also prevents us from identifying the exact time of the 
change in wind run regime. 
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Hence the extent of the missing data, combined with the fact that changes to site 
locations appear to have had an overly influential effect on wind run throughout the 
record that cannot being explained by circulation changes of a climatic nature, means 
that the use of such data for determining long term trends is compromised. Thus, the 
Geelong Salines station was omitted from this research. Incidentally, the rainfall record 
too was plagued by some large amounts of missing data.     
 
4.4 DURDIDWARRAH – proxy development to extend record  
Unlike the Geelong Salines site which had large gaps of missing data, plus uncertainty 
over site changes affecting pan exposure, the station at Durdidwarrah has a continuous 
and remarkably complete pan evaporation record. There are no missing months of data, 
the siting of the pan itself has remained stable over time, and changes to the surrounding 
environment have been minimal. This provides confidence that the data itself is reflective 
of changes in atmospheric conditions rather than that caused by arti ficial factors induced 
by humans e.g. changes in siting, observing practice, or equipment; or modification of 
the near environment.  
The geographical location of the site is also significant for several reasons, and is ideal 
for this study given its distance from neighbouring stations and alignment along the 
north-south zone. In particular, its location captures a distinct geographic and 
topographical niche encompassing an inland site of southern Victoria in the lower 
foothills of the Great Divide.  
Pan evaporation records commenced in September 1971 at Durdidwarrah and contain 
only small amounts of missing daily data, which were easily infilled using the Silo 
synthetic dataset to provide a complete monthly record. Unfortunately, the recording of 
pan evaporation ceased in July 2000 after nearly 30 years of records. Up until this point 
there was also a complete record of wind run data from the site, though this too ceased 
in mid 2000. Rainfall, which has been measured at the site since 1878, continues to be 
recorded today. Unfortunately, from an Effective Precipitation perspective, the 
discontinuation of the pan evaporation measurements, prevents the opportunity to 
analyse the TWB trends to the present day. Given the completeness of the rainfall and 
existing pan evaporation record, it is highly likely that the analysis of Effective 
Precipitation at this site would have been amongst the most valuable and complete 
records of all the stations used in this study, had it not ceased in 2000.  
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So whilst an excellent record exists for the period from 1972-2000, the absence of pan 
evaporation post 2000 makes it difficult to determine absolute long term trends, 
relationships with large scale climate drivers, or draw comparison with other stations to 
the present day. The only way around this could be to use a ‘proxy’ pan evaporation 
index to cover the period from 2000-2013, and extend the ‘actual’ pan evaporation 
record. However, there is a degree of caution and apprehension associated with using 
such derived data. As mentioned earlier in this paper, formulas used to gain estimates of 
'Potential Evaporation' using various available climatic data, and often without direct wind 
inputs, have generally seen opposite results to what has been observed in pan 
evaporation records across much of Australia.  
Notwithstanding an effort was still made to try to develop a proxy series which accurately 
captures much of the pan evaporation variation observed between 1972-2000, and 
extend the existing Durdidwarrah record to the present day. The logical option available 
to develop a proxy series, was to utilise the Silo synthetic evaporation dataset to derive 
pan evaporation estimates. This dataset has already been used sparingly to infill missing 
daily values in the pan evaporation records at stations in this study. The use of small 
amounts of daily data would have a minimal influence on monthly values during the 
cooler part of the year. For the proxy record however, entire monthly values from the 
synthetic dataset would be used.   
Thus an examination of the synthetic dataset against the pan evaporation record, was 
conducted at the monthly level from 1972-2000 (Fig. 12). Firstly, and indeed most 
importantly, a comparison was made to see if the synthetic dataset captured the c limatic 
trend exhibited by the pan evaporation during 1972-2000. As seen in Table 3, the 
synthetic pan trends in the warmest months (early-mid Autumn & mid-late Spring) of the 
Growing Season are opposite to that which were observed in the pan evaporation 
record. In nearly all cases (except October) the synthetic series shows a long term 
positive trend in contrast to the long term decrease in pan evaporation. It is likely that the 
much larger daily variations in evaporation that occur during the warmer months, is a 
primary reason for the climatic trend not being replicated in the synthetic dataset at the 
monthly level. Rayner (2005) showed that on a daily scale, the synthetic data isn't able to 
capture the magnitude of extremely high or low evaporation days. Hence it is suggested 
that the difference in climatic trend at the monthly scale, is a reflection of the synthetic 
dataset’s inability to simulate low evaporation days in the warmer months, despite the 
daily values as a whole showing strong correlations with the pan data. From May to 
September, the pan evaporation decrease observed at Durdidwarrah during 1972-2000, 
67 
 
is reflected in the synthetic data. In most months however, the synthetic decrease is 
more subdued than that which has been measured. Interestingly, the months where the 
climate trend is in conflict i.e. the warmest months; tend to also have the highest 
correlation between the pan and synthetic datasets, despite the discrepancy in the long 
term trend.  
 
Figure 12: Scatterplot of monthly synthetic and pan evaporation values from 1972-2000 
at Durdidwarrah. 
In contrast, the correlation between pan and synthetic datasets is lowest (but still 
statistically significant P<0.05) during the coldest months with the weakest correlations 
being observed between May-July. Fortunately these months occur at the time of lowest 
evaporation, thus variances in the datasets are rather small given the low absolute 
figures, meaning that overall monthly totals are not significantly distorted. Thus the long 
term pan evaporation decline is evident in the synthetic data from May-July, however its 
magnitude is reduced. The statistically significant relationships between monthly pan and 
synthetic data provide confidence that the use of a synthetic proxy could a) simulate the 
climatic trend, and b) accurately approximate the magnitude of the inter-annual 
variations. 
A stark feature of the 1972-2000 comparison (Table 3) was that the vast majority (>80%) 
of synthetic monthly values were higher than their respective pan values. This indicates 
that the synthetic data systematically overestimates the recorded pan data, and is likely 
to reflect the fact that wind data is not used as an independent variable to develop the 
dataset. This highlights the high degree of caution that must be used when using 
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synthetic values as a proxy for pan data, particularly beyond the daily timescale. The 
systematic overestimation of monthly pan evaporation in the synthetic dataset, was 
evident through all Growing Season months.    
Yet this rule of widespread overestimation of the pan value was useful in that it provided 
a high degree of confidence that a proxy pan value could still be derived, based on the 
long term discrepancy between each months pan and synthetic average from 1972-
2000. The warmest months of the Growing Season saw monthly pan figures 
approximately 8-9% lower than the corresponding synthetic monthly average. The month 
where pan exhibited the greatest drop below its corresponding synthetic average was in 
June where the pan was typically 15% less than synthetic. These long term monthly 
differences were applied to the respective individual synthetic months from 2000-2013 to 
generate the proxy record at Durdidwarrah e.g. synthetic October monthly values from 
2000-2013 were reduced by 8.1% to provide a pan proxy.    
The addition of the proxy pan values covering 2000-2013 to the original pan dataset, was 
undertaken for each Growing Season month such that a continuous record existed from 
1972-2013, hence allowing for comparison with other stations in this study. Seasonal 
values from 2000-2013 were also subsequently formulated. On an inter-annual basis, the 
proxy series appears to reflect the pan data at other stations reasonably well i.e. high 
and low evaporative seasons correspond with those at other stations.  
However, the addition of the proxy series causes a reversal of the long term negative 
trend which was evident in the pan data from 1972-2000. All months except October 
displayed negative long term trends in pan evaporation from 1972-2000, some exhibiting 
significant declines. The proxy series from 2000-2013 has a strong positive trend in all 
months. This upward tendency is so strong that the positive trend in 14 years of proxy 
data, cancels out and reverses the long term negative trend in the 29 years of original 
pan data when the two series are combined. Such a scenario is evident across all 
months of the Growing Season which formerly showed long term decreases (except for 
October whose slight positive trend has been markedly increased with the addition of the 
proxy data). This demonstrates the significance of the dramatic increase in the proxy 
series during 2000-2013, relative to the subtle decline in the original pan data between 
1972-2000.  
Yet there are several plausible reasons for why a positive trend may exist  across all 
months from 2000-2013, and these are briefly discussed now: 
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 There has been an increase in mean air temperature over this later period. Though 
previous research has generally found that air temperature tends to play a somewhat 
lesser role in influencing evaporation than wind speed or relative humidity, any 
increase is likely to enhance the rate of evaporation taking place; 
 The increase in temperature has also coincided with the Millenium Drought which 
concluded in 2010. The ongoing nature of the dry conditions over an extended period 
of time would likely have acted to ensure that conditions conducive to increased 
evaporative loss to the atmosphere were very persistent. This includes reduced 
amounts of cloud cover allowing more direct solar radiation and warmer temperatures, 
as well as lower relative humidity and reduced soil moisture. Such conditions would 
exacerbate drought feedback conditions; 
 Thirdly, the period from 2000-2013 was generally dominated by a high frequency of 
climate driver phases which are associated with warmer and drier conditions over 
SEA in general. These include El Niño years in 2002, 2004, 2006 and 2009. Positive 
IOD years occurred in 2006, 2007 and 2008 with an absence of negative IOD years. 
Meanwhile the SAM was in a persistently positive state which tended to see a 
reduced and weakened westerly flow across the region during the Growing Season.      
 
Month Pan/synthetic 
Correlation R 
Climate 
Trend 
captured 
Trend Slope 
(Pan/Synthetic) 
% months 
Synthetic > 
Pan 
March 0.79 N -0.35/0.07 93.1% 
April 0.82 N -0.25/0.02 93.1% 
May 0.46 Y -0.29/-0.15 86.2% 
June 0.46 Y -0.08/-0.05 93.1% 
July 0.55 Y -0.22/-0.10 85.7% 
August 0.74 Y -0.05/-0.05 85.7% 
September 0.77 Y -0.16/-0.33 82.1% 
October 0.72 N 0.16/-0.03 85.7% 
November 0.85 N -0.08/0.15 85.7%  
Table 3: Monthly comparison of synthetic and pan evaporation data at Durdidwarrah 
1972-2000.    
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Despite some plausible reasons for a higher pan evaporation regime post 2000 at 
Durdidwarrah, there is clearly several critical concerns in using the synthetic proxy series 
to determine long term trends. The inclusion of the synthetic data after 2000 appears to 
induce an artificial step change into the long term pan evaporation regime. The resulting 
long term positive trend from the addition of proxy data to the time series opposes the 
trend seen in the actual time series and at all other stations. For this reason, 
Durdidwarrah is excluded from this research due to concerns about the compatibility of 
combining proxy data with the pan record. 
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Chapter 5 Methodology 
5.1 Time series analysis 
In Chapter 6 long term seasonal and monthly analysis of both rainfall and pan 
evaporation data at each station is conducted. The final datasets examined are those 
resulting from the quality control process described in Chapter 4. From a seasonal 
perspective, the data is graphed as a time series for both variables f rom 1972-2013. As 
mentioned in Chapter 4, rainfall data at all stations is complete, and hence a standard 
line graph is used. The seasonal (and monthly) records of pan evaporation contain some 
missing monthly or seasonal values. Thus the line graphs for pan evaporation are 
modified slightly to include a diamond symbol at each data point along the time series. 
This way, all data points are visible on the graph. In some instances there are seasonal 
values which have missing years either side of the particular value, which become 
invisible if using a line graph as the line becomes broken across multiple missing years. 
A linear fit as denoted by a red line is also applied to the time series to depict any overall 
trends. This trend line is derived using the Least Squares Linear Regression method 
which is calculated as:  
y = mx + b 
where y is the estimated data point based on the slope (m) and the y-intercept (b) of the 
trendline. The line itself is fitted to minimize the sum of squared residuals within the 
model to provide a line of best fit. 
The trend line equation is displayed on each seasonal graph as well as the R-Squared 
value which provides a measure of the reliability of the longer term trend i.e. the 
magnitude of the change in rainfall or pan evaporation as a function of time.   
Monthly rainfall and pan evaporation trends were investigated for each station and 
tabulated so as to display the Least Squares line of best fit in a long term context as: 
a) an absolute change (increase/decrease) in millimetres (mm) per decade, and;  
b) the absolute change value as a percentage change based on the long term monthly 
mean of the month in question, expressed as %change/decade.    
A two-tailed Student's t-test was used to test statistical significance at the 95 percent 
level (p-value of <0.05). 
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5.2 Correlation analysis 
The association between rainfall/pan evaporation and prominent climate drivers (ENSO, 
IOD, SAM) is explored in Chapter 7. Correlations are developed at the monthly and 
seasonal level using the Pearson correlation co-efficient R as a measure of the extent of 
the linear relationship between rainfall/pan evaporation and each respective climate 
driver. R values of the Pearson co-efficient range from -1 to 1, with values closest to 
these two extremes indicative of a strong positive or negative relationship. Values close 
to zero reflect very weak relationships between variables. Statistically signif icant 
relationships were defined as those where R exceeded the 95th percentile and exhibited 
a p-value of <0.05. This generally meant that R values greater than 0.3/-0.3 were of 
statistical significance though this varied slightly according to the amount o f missing data 
and hence the size of each dataset analysed.  
For seasonal correlations values have been tabulated, whilst monthly correlations are 
graphed to display the evolution of rainfall and pan evaporation relations with climate 
drivers throughout the Growing Season.     
 
5.3 Composite Analysis 
Seasonal composite analysis of rainfall and pan evaporation under contrasting ENSO 
and IOD phases is undertaken in Chapter 8. Composites are developed according to 
recognised opposing phases of ENSO: La Niña and El Niño; and IOD: +IOD and –IOD. 
SAM was not analysed as it is a mode which can vary between positive and negative 
phases on weekly or monthly time scales, where ENSO and IOD tend to resolve into 
distinct warm or cold events which typically persist through much of the Growing Season 
once established. 
The thresholds for determining warm (El Niño, +IOD) and cold (La Niña, -IOD) phases 
for the composite analysis vary in the literature according to the specific ENSO/IOD 
indices used e.g. Meyers et al (2007), Ummenhoffer et al (2009). Though there is 
general agreement in the literature as to what constituted a La Niña or El Niño ‘year’ 
based on the evolution of a typical El Niño or La Niña state, applying this sort of practice 
to the seasonal composite analysis could be misleading. This is because there is 
considerable variability in the timing and duration of such events throughout the historical 
Growing Season record. For example, some ENSO events don’t commence until well 
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into Spring, therefore classifying the preceding Autumn and Winter seasons as El Niño or 
La Niña years based on the evolution of that event later in the Growing Season, is not 
reflective of the conditions that prevailed in those earlier seasons. It may be that neutral 
conditions existed prior to the development of the event or the early part of the Growing 
Season (Autumn) may have been influenced by the decaying state of a previous, 
sometimes opposing ENSO event. Sometimes conditions may be reminiscent of a 
particular ENSO phase without actually meeting the official threshold criteria to be 
classified an ENSO event. A similar principle is applicable to the IOD.  
Therefore in order to fully reflect the varied influences of both drivers during the 
respective seasons, years where an ENSO or IOD event occurred have been determined 
based on particular thresholds being met for average conditions over that particular 
season. For instance, a typical threshold for determining a Spring ENSO event using the 
Nino 3.4 indices is when the index reaches+/-0.6 from the long term mean averaged over 
that particular season. A similar approach has been applied to other seasons (see Table 
4) and for the IOD (Dipole Mode Index - DMI). It was found that by using thresholds 
similar to Winter and Spring when both drivers have peak influence, there was a dearth 
of IOD years in Autumn to allow for a reliable composite analysis in that season. That is, 
there were too few years of +IOD/-IOD phases in Autumn to gain an insight into the 
rainfall and pan evaporation variance that occurs under such conditions. Whilst it is 
acknowledged that the prominence of the IOD during this season is rather subdued 
(hence the lack of discernible events), it was considered necessary to still investigate the 
effects of –IOD/+IOD tendencies on rainfall and pan evaporation. In order to 
accommodate this, the threshold for IOD years was relaxed slightly to ensure more years 
could be used in the Autumn composite analysis. Whilst this method doesn’t 
emphatically differentiate between +/-IOD events like in other seasons, it still allows for a 
comparison between opposing IOD phases of equal magnitude, even if the tendency 
itself would be considered relatively neutral in other seasons. 
 ENSO (Nino3.4) IOD (DMI) 
SEASON La Niña El Niño -IOD +IOD 
Autumn ≥ -0.50oC ≥ +0.50oC ≥ -0.11oC ≥ +0.11oC 
Winter ≥ -0.50oC ≥ +0.50oC ≥ -0.22oC ≥ +0.22oC 
Spring ≥ -0.60oC ≥ +0.60oC ≥ -0.24oC ≥ +0.24oC 
Table 4: Minimum Thresholds in ENSO and IOD indices to qualify as a warm/cold event 
in each season.  
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Seasonal composite box plots are constructed for La Niña/El Niño and –IOD/+IOD at 
each station. These box plots provide a visual representation of rainfall and pan 
evaporation values that have occurred under the respective ENSO and IOD conditions 
from 1972-2013. The box plots are based on quartiles from the mean with outliers 
denoted by solid dots. A two-tailed Student's t-test was used to test statistical 
significance at the 95 percent level (p-value of <0.05). 
 
5.4 Residual Mass Curves 
The Residual Mass Curve (RMC) technique was employed to identify significant changes 
in seasonal rainfall and pan evaporation regime from 1972-2013. RMCs represent the 
cumulative sum of deviations from the long term (1972-2013) mean and are constructed 
according to the following equation: 
 
Σ(Xi – m)·Δt, 
 
where Δt is the time step or time interval (in this case, year to year seasonal values); Xi 
is the ith element of the series, representing the average value over time interval Δt 
(mm/year); and m is the long-term average (1972-2013 mean), expressed in the same 
units as Xi (Rancic et al. 2009). 
 
Thus RMCs represent the cumulative surplus or deficit of rainfall/pan evaporation over 
multi year periods relative to the long term mean of the period being analysed. 
Sometimes the cumulative deviations represent relatively short term anomalies such as 
arises if wet or dry years occur in close succession. From a climate perspective, such 
brief aberrations reflect short term noise, whilst cumulative deviations over extended 
periods (decadal, multi-decadal) are indicative of prolonged drier or wetter conditions 
from the average. RMCs are regularly used in hydrology studies e.g. Rancic et al. 
(2009), to determine long term switches in streamflow, etc.   
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Figure 13: Theoretical examples of different change points seen in RMCs. 
 
When graphed (Fig. 13), it is the extremes of the RMCs which are used to detect and 
illustrate abrupt changes in the mean. The sloped segments between these extremes 
correspond to the values of the mean preserved during each segment. “A positive slope 
(rising trend) indicates that the period is characterised by the mean being greater than  
the long-term mean, and a negative slope (falling trend) indicates the opposite. If the 
residual mass curve shows a pointy ‘V’ shape, the system abruptly changed from one 
regime (mean) to another. A smooth ‘U’-shaped curve indicates a smooth transition” 
(Rancic et al. 2009). Thus the emphasis of the switch in regime is based on the change 
of mean (higher or lower than the long term average) rather than the trend. Whilst it is 
common for the change to a higher or lower mean to be accompanied by a rising or 
falling trend, there are occasional situations where the change in mean does not 
necessarily reflect a change in trend across the period of the new mean. In these 
situations it is often the result of a change in the data’s baseline mean, usually the 
consequence of artificial factors, which cause the sudden shift to a new and consistent 
mean value. Thus the change in slope of the cumulative deviations marks the change 
from one regime to another. In Chapter 9 RCMs are constructed for rainfall and pan 
evaporation in Autumn, Winter and Spring.   
 
5.5 Change Point Correlation analysis 
Based on the change points identified for each season from the development o f RMCs in 
Chapter 10, the period either side of such change points was examined in an attempt to 
identify changes in rainfall and pan evaporation associations with each climate driver. 
Thus each epoch between change points underwent further linear correlation analysis as 
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per that conducted over the entire study period in Chapter 7. Pearson correlation         
co-efficients between rainfall/pan evaporation and ENSO, IOD and SAM, were derived 
for the Spring season when each driver exerts its greatest influence. The co-efficients 
between rainfall/pan evaporation and each driver are shown in a radar graph which 
visually depicts the changes from one period to another at each station.  
There is also a graphical analysis of the changes in Pearson co-efficients between 
rainfall and the IOD either side of significant change points in Autumn and Winter.  
 
5.6 Extreme P-E month and Time Series analysis 
Chapter 11 deals exclusively with the P-E ratio derived from combined rainfall and pan 
evaporation regimes. Firstly, the frequency of extreme P-E months for each season 
between 1972-2013 was examined at each station. An extreme month was defined as 
having a P-E value in the wettest or driest 10% of all monthly values for that particular 
month. Hence an extreme wet month was declared if the P-E value was at or above the 
90th percentile for that month; an extreme dry month’s P-E value was at or below the 10 th 
percentile. Extreme P-E months were then grouped according to their respective 
seasons e.g. March-April-May for Autumn etc; and represented graphically by distinctly 
seasonal coloured bars. 
A final analysis of the total (March-November) growing season P-E is carried out by 
constructing time series for each station between 1972-2013, as per the seasonal time 
series analysis in Chapter 6. A linear fit is also applied to the time series.  
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CHAPTER 6 TIMESERIES AND TRENDS 
The sign (+/-) and magnitude of trends in rainfall and pan evaporation were examined on 
monthly and seasonal scales at each station during 1972-2013. For the seasonal 
analysis, time series of rainfall and pan evaporation were constructed and a line of best 
fit was applied to the data to show the linear trend over this period. Monthly rainfall and 
pan evaporation trends were tabulated and expressed as the linear trend in millimetres 
(mm) per decade, and also the relative change per decade as a percentage of the long 
term mean for the respective month. 
 
6.1 Seasonal Rainfall 
As discussed at length in the literature review, Autumn rainfall in Victoria and SEA 
generally, has been a major research focus over recent decades. This research has 
demonstrated a marked, widespread decline in autumn rainfall since the 1970s. In order 
to complement the pan evaporation component of this research, the rainfall analysis on ly 
extends back to 1972, despite much longer records being available.  
 
6.1.1 Autumn 
The Autumn rainfall trends from 1972-2013 display considerable long term declines at all 
stations (Fig. 14). The negative trend is statistically significant at all stations except Cairn 
Curran (which narrowly fails at the 95 th percent level), thus reflecting the long term 
change observed in SEA over this period. A feature of the decline evident in the time 
series, is a lack of ‘wet’ or high rainfall Autumns in the latter part of the record. The 
sustained absence of above average rainfall years has been a hallmark of Autumn in 
recent decades (Murphy & Timbal 2008). The exception to this were years such as 2001 
when Wurdiboluc Reservoir (and southern Victoria generally) were subject to significant 
rainfall associated with localised thunderstorm activity. The dearth of wet Autumns after 
1995 is particularly marked, which coincides with the period of the Millenium Drought 
(Kiem & Verdon-Kidd 2010).    
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Figure 14: Autumn rainfall time series and linear trend from 1972-2013 at each station.  
P-values indicating the seasonal trend is statistically significant at the 95% level are 
shown in red at each station. 
 
6.1.2 Winter 
The Winter rainfall time series shows weak and variable trends amongst the stations. 
Whilst the majority display very weak negative trends over 1972-2013 (Fig. 15), there is 
no outstanding tendency towards statistically significant drier conditions like that seen in 
Autumn. Despite the weak trends over the entire period, a run of low Winter rainfall is 
apparent from 1997-2009 coinciding with the Millenium Drought. The broader SEA region 
experienced a reduction in Winter rainfall of 12.1% over this time, the largest decline 
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ever observed in this season over such a period (Timbal et al. 2010). The Winter rainfall 
in the years following (2010-2013) appears to have recovered somewhat. 
  
   
 
Figure 15: Winter rainfall time series and linear trend from 1972-2013 at each station.    
P-values indicating the seasonal trend is statistically significant at the 95% level are 
shown in red at each station. 
 
6.1.3 Spring 
Spring rainfall exhibits an overall decline since 1972 at all stations (Fig. 16), although the 
linear trend is not statistically significant. It's worth noting that despite the overall trend, 
the nature of the decline is quite different to that seen in Autumn. The Spring rainfall time 
series displays much greater inter-annual variability than Autumn, which is related to the 
prominence of climate driver teleconnections during this season. Such remote influences 
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on rainfall also result in greater multiyear and decadal variability, which tends to  ‘blur’ the 
overall trend in Spring rainfall. In contrast the Autumn decline, displays a gradual and 
sustained long term reduction, characterised by a complete absence of wet years in 
recent decades. Whilst the frequency of wet Springs has also decreased, they are still an 
intermittent feature of the Spring rainfall time series e.g. 2000 & 2010. The magnitude of 
these high rainfall years doesn’t appear to have diminished despite the reduced 
frequency. Perhaps the most prominent factor responsible for the negative trend in 
Spring rainfall is the increased occurrence of very low rainfall years since 2002. To that 
end, it is somewhat misleading to conclude that a long term decline in Spring rainfall is 
evident. Unlike the linear decline observed in Autumn rainfall since 1972, the greater 
inter-annual and decadal variability in Spring rainfall makes any trend analysis highly 
sensitive to the start and end years chosen. There is no doubt however that Spring 
rainfall in the most recent decade has been lower than that generally observed over the 
rest of the analysis period. 
The very recent nature of a lower Spring rainfall regime means that there is no literature 
detailing a long term decline in Spring rainfall over SEA. In fact using a network of long 
term rainfall stations back to the mid 19 th century, Timbal & Fawcett (2012) were able to 
reconstruct a proxy Spring rainfall series back to 1865 that simulated rainfall over SEA. 
Over this extended period it was shown that very strong multi-year and decadal 
variability was a significant feature of Spring rainfall over SEA. Hence caution needs to 
be shown in interpreting a period of lower Spring rainfall as a possible long term trend 
given the decadal variability in rainfall which exists in this season. In the rainfall time 
series used in this study, the occurrence of very wet years at the start of the record when 
combined with a sequence of anomalously dry years at the end, are likely to provide a 
somewhat exaggerated and misleading negative trend magnitude over the entire period. 
In spite of this, a negative trend is still apparent which is consistent with the regional 
Spring rainfall reconstruction by Timbal & Fawcett (2012) over the same period.  
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Figure 16: Spring rainfall time series and linear trend from 1972-2013 at each station.    
P-values indicating the seasonal trend is statistically significant at the 95% level are 
shown in red at each station. 
 
6.2 Monthly Rainfall 
A closer examination of the rainfall trends within each season was undertaken at the 
monthly level to understand sub-seasonal rainfall tendencies that tend to get masked 
when viewed as a single seasonal value (Table 5). 
The trend and magnitude of March rainfall since 1972 was variable between stations. 
Generally a subtle long term decline was evident, however at Wurdiboluc Reservoir the 
reduction was particularly large and statistically significant. Cairn Curran on the other 
hand had experienced a slight increase over the period. As March is generally a 
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transition month from a warm season to cool season rainfall regime, it seems 
geographical factors relating to the seasonal movement of circulation systems, are 
responsible for the marked spatial variation observed. For example, stations in the north 
are more likely to be exposed to the last of the warm season rains (which have been 
increasing) as they migrate seasonally towards the tropics. This same synoptic shift 
brings the STR further north (Whan et al. 2013), usually located just south of Victoria 
where Wurdiboluc has experienced a large decrease in March rainfall. In April and May, 
large rainfall declines are observed at all stations, particularly in May with rainfall typically 
declining by 15% over 1972-2013. This is consistent with other research that has found 
the bulk of the rainfall decline in Autumn to be attributed to these two months (Murphy & 
Timbal 2008; Kiem & Verdon-Kidd 2010; Cai et al. 2012; Cai & Cowan 2013). In April the 
decline is statistically significant at Malmsbury, whilst in May this is the case at all 
stations.  
The monthly rainfall trends in Winter are generally small especially in June and July. 
Most trends are negative in these months although weak positive trends are observed in 
June (Cairn Curran and White Swan) and July (White Swan). The August trends are all 
weakly negative, though somewhat stronger than in June and July.  
In Spring there are marked and prolonged rainfall trends apparent in each month. 
September rainfall exhibits weak to moderate negative trends which are statistically 
significant at Wurdiboluc Reservoir. The rainfall decline is much greater in October and is 
statistically significant at most stations. In fact the rainfall decline in October is even 
greater than that seen in May at some stations, with the decadal rate of decline being 
19% at Malmsbury. Unlike April and May, mention of the October rainfall decline is 
basically absent in the literature. A dramatic contrast occurs in November which has 
instead experienced increased rainfall at all stations during 1972-2013. A distinct 
geographical gradient in the magnitude of the positive trends is apparent, with the 
positive rainfall trend increasing further north. This suggests that the source of the 
greater rainfall seen in November has its origins to the north of central Victoria.  
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 Autumn Winter Spring 
 March April May June July Aug Sept Oct Nov 
Cairn Curran 1.09 
+4.2% 
-4.39 
-13.6% 
-7.14 
-15.5% 
2.34 
+5.0% 
-0.85  
-1.8% 
-3.57 
-6.7% 
-3.77 
-7.7% 
-6.82 
-12.7% 
4.79 
+11.5% 
Malmsbury -3.28 
-8.5% 
-9.02  
-19.5% 
-10.88  
-15.7% 
-0.23 
-0.3% 
-2.12 
-2.5% 
-5.81 
-6.4% 
-6.46 
-8.1% 
-13.67 
-18.9% 
4.07 
+7.2% 
Moorabool 
Reservoir 
-4.13 
-8.4% 
-7.14 
-11.4% 
-10.95 
-13.4% 
-1.37 
-1.4% 
-4.54 
-4.5% 
-6.63 
-5.9% 
-6.10 
-6.0% 
-12.63 
-13.9% 
4.29 
+5.7% 
White Swan 
Reservoir 
-0.43 
-0.9% 
-6.52 
-11.2% 
-10.65 
-13.3% 
0.32 
+0.4% 
1.46 
+1.6% 
-0.72 
-0.7% 
-1.80 
-1.9% 
-13.32 
-15.4% 
3.15 
+4.6% 
Wurdiboluc 
Reservoir 
-6.80 
-19.3% 
-4.78 
-10.6% 
-8.12 
-14.6% 
-0.66 
-1.1% 
-0.63 
-1.0% 
-2.21 
-3.2% 
-8.64 
-12.9% 
-7.94 
-11.5% 
1.56 
+2.9% 
* Monthly breakdown of rainfall trends at each station from 1972-2013. First figure is 
increase/decrease in mm/decade. Second figure is the percentage change based on the monthly 
mean of the increase/decrease, expressed also as %change/decade. 
Table 5: Monthly rainfall trend at each station 1972-2013. Monthly trends which are 
statistically significant at the 95% level are shown in bold and underlined. 
 
6.3 Seasonal Pan Evaporation 
6.3.1 Autumn 
Despite the long term decline in rainfall, Autumn pan evaporation only displays a weak 
positive trend at one station (Wurdiboluc) over the same period. Figure 17 shows that all 
other stations have experienced a reduction in pan evaporation since 1972, with this 
decline being statistically significant at stations on the Great Divide (Moorabool and 
White Swan). The most obvious feature of the overall time series is a run of low pan 
evaporation years through much of the 1990s with pan evaporation generally higher 
either side of this period.  
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Figure 17: Time series of Autumn pan evaporation at all sites from 1972-2013. Linear 
trends during this period are indicated by the red trend line. P-values indicating the the 
seasonal trend is statistically significant at the 95% level are shown in red at each 
station. 
 
6.3.2 Winter 
The long term spatial picture of Winter pan evaporation is similar but more subdued than 
that seen in Autumn (Fig. 18). Slight but not significant medium term declines are found 
at all stations except Wurdiboluc Reservoir, which again displays a small positive trend . 
The early 1970s, 1990s and 2009-2012 period display particularly persistently low pan 
evaporation years.  
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Figure 18: Time series of Winter pan evaporation at all sites from 1972-2013. Linear 
trends during this period are indicated by the red trend line. P-values indicating the the 
seasonal trend is statistically significant at the 95% level are shown in red at each 
station. 
 
6.3.3 Spring 
Overall trends in Spring pan evaporation are variable with weak positive trends at Cairn 
Curran and Moorabool, whilst the other stations display small declines during 1972-2013 
(Fig. 19). None of the station trends are statistically significant. A feature of the Spring 
pan evaporation record at all stations is the relatively high inter -annual variability shown 
compared to Autumn and Winter. 
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Figure 19: Time series of Spring pan evaporation at all sites from 1972-2013. Linear 
trends during this period are indicated by the red trend line. P-values indicating the the 
seasonal trend is statistically significant at the 95% level are shown in red at each 
station. 
 
6.4 Monthly Pan Evaporation 
The monthly trends in pan evaporation (Table 6) tend to reflect the seasonal trend seen 
at each station. Thus negative pan evaporation trends are seen in March (statistically 
significant at White Swan) and April at all stations except Wurdiboluc Reservoir where a 
slight positive trend exists. The negative trends in May are larger than those seen in 
March and April, and are statistically significant at Moorabool and White Swan 
Reservoirs on the Great Divide. Similar to rainfall, the Winter months exhibit only weak 
overall trends, with most displaying a negative pan evaporation tendency. Small pan 
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evaporation increases are apparent during each Winter month at Wurdiboluc Reservoir. 
Malmsbury and White Swan displayed long term pan evaporation declines in all months. 
Moorabool had similar decreases through most months though pan evaporation was 
found to increase during August and September. Cairn Curran had a high degree of 
variance between individual months with increases observed in Spring and generally 
neutral or slightly declining trends in Autumn. Wurdiboluc had slight increases in all 
months except November. 
Again there is a tendency for the monthly trend in pan evaporation to mimic that seen in 
the broader seasonal regime in Spring. For example, all Spring months exhibit positive 
trends at Cairn Curran and negative at Malmsbury and White Swan. An exception occurs 
at Wurdiboluc where a more pronounced decline in November cancels out very weak 
pan evaporation increases in September and October from a seasonal perspective. 
Likewise, a stronger negative trend in September at Moorabool Reservoir results is a 
seasonal pan evaporation decline for Spring despite weak positive trends in October and 
November. 
 Autumn Winter Spring 
 March April May June July Aug Sept Oct Nov 
Cairn Curran -3.33 
-2.2% 
-2.92 
-3.2% 
-0.01 
0.0% 
+0.15 
+0.5% 
-0.65 
-1.9% 
-0.67 
-1.3% 
+0.14 
+0.2% 
+1.03 
+0.9% 
+2.56 
+1.5% 
Malmsbury -1.46 
-1.1% 
-1.44 
-1.8% 
-1.04 
-2.3% 
-0.64 
-2.1% 
-0.33 
-1.1% 
-0.65 
-1.5% 
-0.99 
-1.5% 
-0.97 
-0.9% 
-0.10 
-0.1% 
Moorabool 
Reservoir 
-3.23 
-2.6% 
-2.45 
-3.3% 
-2.48 
-5.5% 
-1.39 
-4.4% 
-0.27 
-0.8% 
+1.25 
+2.6% 
+2.80 
+3.9% 
-0.67 
-0.6% 
-0.61 
-0.5% 
White Swan 
Reservoir 
-4.45 
-3.7% 
-2.92 
-4.0% 
-3.59 
-8.0% 
-1.00 
-3.4% 
-0.85 
-2.7% 
-0.87 
-1.9% 
-1.20 
-1.7% 
-3.59 
-3.6% 
-4.07 
-3.2% 
Wurdiboluc 
Reservoir  
+0.51 
+0.4% 
+0.79 
+0.9% 
+0.39 
+0.7% 
+0.18 
+0.4% 
+0.33 
+0.7% 
+1.20 
+1.8% 
+0.06 
+0.1% 
+0.71 
+0.6% 
-2.62 
-1.7% 
* Monthly breakdown of pan evaporation trends at each station from 1972-2013. First figure is 
increase/decrease in mm/decade. Second figure is the percentage change based on the monthly 
mean of the increase/decrease, expressed also as %change/decade. 
Table 6: Monthly trends in pan evaporation at each station 1972-2013. Monthly trends 
which are statistically significant at the 95% level are shown in bold and underlined. 
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CHAPTER 7 RAINFALL AND PAN EVAPORATION 
ASSOCIATIONS WITH LARGE SCALE CLIMATE DRIVERS 
THROUGH THE GROWING SEASON 
 
7.1 Seasonal Rainfall 
The influence of large scale climate drivers on rainfall was investigated at a seasonal 
level (Autumn, Winter, Spring) within the Growing Season. Consistent with the 
established literature, there was marked seasonal variation in the respective climate 
drivers/rainfall relationships. 
In Autumn rainfall displayed very weak relationships with large scale climate drivers at all 
stations (Table 7). It’s during this season that tropical drivers like ENSO and IOD have 
the least influence on rainfall across SEA (Risbey et al. 2009b). This is due to the fact 
that ENSO events usually decay by the end of Summer, whilst new events don’t typically 
evolve until Winter or Spring. It’s for this reason, Autumn is often classified as a 
“predictability barrier” from a seasonal forecasting perspective (Drosdowsky & Chambers 
2001). The quiescent nature of the ENSO system in this part of the annual cycle means 
that very weak relationships exist with Australian climate generally, and this includes 
rainfall in SEA (Murphy & Timbal 2008; Risbey et al. 2009b). Therefore the long term 
decline in Autumn rainfall observed at all stations in Chapter 6, is unlikely to be linked to 
ENSO owing to the weak influence on SEA rainfall in this season (Murphy & Timbal 
2008). Similarly the IOD typically evolves during Winter or Spring, though there have 
been rare occasions where an IOD event has commenced as early as May (Saji et al. 
1999; Murphy & Timbal 2008; Risbey et al. 2009b). However, the typical development of 
IOD events usually occurs after Autumn so like ENSO, the IOD is unlikely to be a 
significant factor in the rainfall decline observed in Autumn which is consistent with the 
weak correlations displayed at all stations.  
The SAM lacks a distinct annual cycle like that displayed by the tropical drivers i .e. 
seasonal evolution, peak and decay phases. Hence it is not necessarily subject to a 
dormant period like ENSO or IOD in Autumn. The results at all stations in this study 
indicate very weak correlations between SAM and rainfall during Autumn. This is 
consistent with other studies that have found no tangible relationship between SAM and 
SEA rainfall in Autumn despite there being a persistent long term positive trend which is 
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more pronounced than in any other season (Hendon et al. 2007; Meneghini et al. 2007). 
The absence of any rainfall response to an increasingly positive SAM suggests that other 
related circulation factors are at play. For instance, the increasingly positive SAM trend in 
Autumn over recent decades has typically been accompanied by a southward movement 
of the mid-latitude storm belt, with fewer rain bearing lows and cold fronts reaching SEA 
(Frederiksen et al. 2011). Similarly there has been an increase in Autumn mslp over SEA 
associated with a more intense and persistently southward STR (Timbal & Fernandez 
2009; Whan et al. 2013). Therefore changes in the SAM may initiate other 
circulation/synoptic changes which then translate into a rainfall response over SEA.     
The association of the three climate drivers with rainfall strengthened at all stations 
during Winter. This coincides with the period when ENSO and IOD events typically 
develop. The negative correlations are strongest with the IOD and reach statistical 
significance (p<0.05) at all stations except Wurdiboluc Reservoir. In fact, a noticeable 
spatial cline is evident in the strength of the IOD relationship, with increasing correlations 
at each station with progression to the north. The physical basis for this cline is likely to 
be related to the greater exposure inland stations have to Indian Ocean interactions from 
the north (Murphy & Timbal 2008). Regional studies of rainfall sources in northern 
Victoria have found that much of the Indian Ocean influence on rainfall is manifested 
through large scale advection of tropical moisture across the country to SEA (Whetton 
1990). This commonly occurred in conjunction with the transit of a mid-latitude frontal 
system across SEA, which interacted with and drew tropical moisture south (Wright 
1989; Landvogt et al. 2008). This type of synoptic set up is usually associated with the 
development of a “northwest cloudband” which stretches across the continent from the 
northwest, and delivers significant rainfall to inland areas including northern Victoria 
(Murphy & Timbal 2008).   
Recent research has demonstrated a tendency for like IOD and ENSO states to co-
evolve during the growing season (Meyers et al. 2007; Ummenhofer et al. 2010). That is 
El Niño and +IOD often co-exist, likewise La Niña and –IOD; but rarely does an El Niño 
(La Niña) and –IOD (+IOD) occur. When simultaneous wet or dry modes occur in both 
the Pacific and Indian Oceans this tends to reinforce and exacerbate existing rainfall 
anomalies. For instance, SEA rainfall can vary markedly during El Niño Winters, 
depending on the corresponding IOD state (Ummenhofer et al. 2010). In this research, 
the ENSO/rainfall correlations at all stations strengthen but fail to exceed those seen with 
the IOD during Winter. The exception is at Wurdiboluc Reservoir where the ENSO 
influence is slightly stronger than the IOD and statistically significant. Given the effects of 
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ENSO and IOD originate to the north; it may be expected that a spatial pattern with 
weaker correlations on the Victorian coastline would occur. It may be that the lack of a 
spatial gradient which is evident with the IOD, is a result of indifferent rainfall patterns 
occurring under different ENSO phases as mentioned above, which may be further  
modified by the station’s proximity to the Southern Ocean.    
The SAM influence on rainfall also increases at all stations during Winter, though it is still 
relatively weak and statistically insignificant. Compared to ENSO and IOD, the spatial 
pattern of SAM/rainfall correlations is quite variable with the strongest influence seen at 
Wurdiboluc Reservoir. Though not geographically evident, this may reflect the fact that 
rain bearing storm systems have been staying further south in recent decades during 
Winter (Frederiksen et al. 2011), which has coincided with a persistently positive SAM 
state (Hendon et al. 2007; Meneghini et al. 2007). This has been confirmed through a 
decrease in storminess over SEA compared to the first half of the 20 th century 
(Alexander et al. 2011). Therefore it is likely that coastal stations like Wurdiboluc 
Reservoir, will be less affected by the reduced frequency of rain systems from the south, 
compared to those inland.         
The ENSO and IOD influence on rainfall continues to strengthen during Spring, 
consistent with the fact that El Niño and La Niña, and +/-IOD events, usually mature 
during this season (Murphy & Timbal 2008; Cai et al. 2011). ENSO correlations are 
strong and statistically significant at all stations. The IOD correlations are very strong and 
the dominant influence on spring rainfall at all stations. This supports previous findings 
which showed the IOD to be the greatest rainfall influence in central Victoria during 
Spring (Risbey et al. 2009b). Geographically, ENSO’s influence is most prominent in the 
north at Cairn Curran, whereas the IOD exerts its strongest effect on the stations 
(Moorabool and White Swan) along the Great Dividing Range. Whilst it is typical for the 
tropical influences of ENSO and IOD to diminish southwards in Victoria (Risbey et al. 
2009b), the location of the strongest IOD correlation may be the result of topographic 
factors which are able to induce greater orographic uplift from systems containing 
tropical moisture. Risbey et al. (2009b) found the strong ENSO signal on SEA Spring 
rainfall to be robust to the use of atmospheric or oceanic indices. The SAM correlations 
with rainfall increase marginally in Spring though they only reach statistical significance 
at Cairn Curran. The relatively modest correlations consistent with other research that 
has found the SAM to be a relatively minor factor in contributing to SEA Spring rainfall 
anomalies compared to the tropical drivers (Hendon et al. 2007).  
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Table 7: Seasonal Pearson correlation co-efficients R between station rainfall and 
ENSO, IOD and SAM. Correlations in bold and underlined indicate a statistically 
significant (p<0.05) relationship between rainfall and the respective climate driver.  
 
7.2 Monthly Rainfall 
Whilst there is an obvious seasonal cycle to the broader picture surrounding the 
connection of ENSO, IOD and SAM with rainfall in central Victoria, a more in-depth 
analysis of such relationships can be gleaned from analysing intra-seasonal correlations. 
This was performed on a monthly basis and allows for a more detailed view of the 
evolution of such relationships as well as accounting for short term fluctuations which 
can sometimes be smoothed over or missed when viewed over a seasonal period lasting 
three months.  
The relationship between ENSO and rainfall (Fig. 20) is variable and mostly weak in 
March as any El Niño or La Niña event has either concluded or is in a decaying phase. 
Moderate negative correlations exist amongst the northern most stations (Cairn Curran 
and Malmsbury), a likely reflection of the final teetering influence from the proceeding 
ENSO event. Any lingering effect from ENSO disappears in April and May with extremely 
weak correlations with rainfall, which is reflective of the overall Autumn season. In June, 
moderate positive correlations exist at all stations. Whilst the June correlations aren’t 
statistically significant, the sudden positive sign of the relationship is of interest as the 
 Autumn Winter Spring 
 ENSO IOD SAM ENSO IOD SAM ENSO IOD SAM 
Cairn Curran 0.04 -0.07 0.12 -0.30 -0.41 -0.14 -0.46 -0.48 0.32 
Malmsbury -0.05 -0.07 0.04 -0.24 -0.40 -0.22 -0.46 -0.51 0.18 
Moorabool 
Reservoir 
0.00 -0.04 -0.08 -0.23 -0.32 -0.19 -0.44 -0.57 0.21 
White Swan 
Reservoir 
0.02 -0.06 -0.02 -0.24 -0.33 -0.05 -0.43 -0.59 0.22 
Wurdibuloc 
Reservoir 
-0.04 -0.14 -0.17 -0.33 -0.26 -0.27 -0.36 -0.41 0.21 
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rest of the growing season is dominated by negative relationships with rainfall. The 
mechanisms behind this June anomaly are unknown and may perhaps be a 
manifestation of a transient synoptic scale influence which operates at this time e.g. 
increased atmospheric blocking (Pook et al. 2006). This demonstrates the significance of 
the intra seasonal analysis, as the overall winter correlation displays a negative rainfall 
relationship, the magnitude of which is moderated somewhat by the positive correlations 
in June. From July, the moderate to strong negative relationship with rainfall displayed in 
the Winter and Spring seasonal values, becomes apparent at all stations. This negative 
relationship exists through all the remaining months of the growing season right up until 
November, with peak values occurring in October. A local anomaly is evident in 
September in southern Victoria, with rainfall at Wurdiboluc having very weak correlations 
in comparison to all other stations. Confirming the local nature of this phenomena, 
Durdidwarrah (not shown) also exhibited such a transient anomaly. Both stations 
rebounded to strong negative correlations consistent with the rest of the network in 
October.  Interesting, despite the clear existence of ENSO’s negative relationship with 
rainfall after June, statistical significance is only reached briefly at individual stations in 
July, August and November, and throughout the network in October when the monthly 
correlations are highest. This suggests that whilst the sign and strength of the negative 
correlation is relatively steady from July – November, the magnitude of the ENSO 
correlation rarely explains more than approximately 21% of the monthly rainfall variance, 
meaning there are other large scale drivers which exert a more prominent influence on 
rainfall in the region.     
 
Figure 20: Monthly correlation of rainfall with ENSO 1972-2013. 
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In contrast to ENSO, evolution of the IOD’s influence on rainfall displays a much more 
emphatic, widespread and uniform signal within the Growing Season (Fig. 21). Weak 
negative correlations first begin to appear in April after being weakly positive in March. 
The negative correlations strengthen further in early Winter where statistical significance 
is nearly reached at stations in the north (Cairn Curran and Malmsbury) during June. Saji 
et al. 1999 found the start of Winter to be a common time for the expression of the first 
signs of an IOD event. The negative correlations show a temporary weakening in July 
before increasing dramatically in August and continuing to display strong to very strong 
and statistically significant rainfall connections during September and October. The only 
exception is at Wurdiboluc where statistical significance briefly disappears in September, 
despite maintaining a strong relationship. This again appears to be a local phenomena 
restricted to southern Victoria, similar to that observed with ENSO during this month. 
After the very strong associations with rainfall during August-October, the IOD influence 
drops abruptly below statistical significance in November, consistent with the notion that 
IOD events rarely continue into Summer (Saji et al. 1999). A key finding of the intra 
seasonal analysis is that the core period of significant tropical influence on rainfall 
variability, does not generally commence until mid to late Winter (July for ENSO and 
August for IOD). When it does, it occurs rather quickly and is a dominant factor through 
September and October before the seasonal cycle of decay quickly takes over in 
November.         
 
Figure 21: Monthly correlation between rainfall and IOD 1972-2013. 
The monthly cycle of SAM influence on rainfall tends to mirror that exhibited by ENSO 
and IOD during the first half of the growing season (Fig. 22). This is typified by weak 
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correlations which become negative, and with the exception of May, gradually strengthen 
through to mid Winter (statistical significance briefly obtained in July at Wurdiboluc). 
However, unique to the SAM is a rapid weakening of the negative relationship in August 
before positive correlations with rainfall take place during September and October. This 
positive signal then consolidates (obtaining statistical significance at Cairn Curran, 
Moorabool and White Swan) during November.  
Whilst the magnitude of the correlations themselves are not remarkable, the change in 
signal from negative to positive correlations at the start of Spring, are indicative of a rapid 
and significant switch in synoptic regime at this time. From March-August, –SAM (+SAM) 
is synonomous with higher (lower) rainfall, whilst the opposite is true during September-
November. Recent research has shown that both the positive and negative phases are 
capable of bringing substantial rainfall to SEA despite the processes behind such rainfall 
being very different (Hendon et al. 2007; Meneghini et al. 2007; Whan et al. 2013). This 
effect is particularly prominent during transition seasons like Autumn and Spring when 
pressure patterns undertake their seasonal migration north or south across SEA (Whan 
et al. 2013). When SAM is strongly negative, the mid latitude stormbelt moves 
northwards and brings rainbearing cold fronts and lows to SEA. However during a 
significant +SAM phase, a strong easterly circulation prevails which often transports 
considerable amounts of moist air from the Pacific Ocean, increasing the chances of 
rainfall (Hendon et al. 2007; Meneghini et al. 2007; Whan et al. 2013). This latter 
situation can be a major source of rainfall during Summer when global circulations are 
furtherest polewards (Hendon et al. 2007). Such an effect is not uncommon in spring and 
is largely determined by the position of the STR which is linked to changes in the SAM. A 
–SAM is associated with an anomalously north STR, whilst a +SAM usually sees the 
ridge further south. From September-November the STR moves steadily southwards 
(Cai et al. 2011; Whan et al. 2013), hence the change of rainfall sign at the beginning of 
Spring may mark a seasonal threshold in the southwards movement of pressure systems 
that favours rainfall from a more easterly rather than westerly source. This is reminiscent 
of a more positive SAM pattern (Hendon et al. 2007).    
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Figure 22: Monthly correlation between Rainfall and SAM 1972-2013. 
 
7.3 Seasonal Pan Evaporation 
 Autumn Winter Spring 
 ENSO IOD SAM ENSO IOD SAM ENSO IOD SAM 
Cairn Curran 0.18 -0.15 -0.39 0.28 0.35 0.02 0.50 0.48 -0.37 
Malmsbury 0.36 -0.22 -0.39 0.46 0.14 -0.46 0.58 0.57 -0.28 
Moorabool Reservoir 0.04 0.04 -0.35 0.41  -0.02 -0.13 0.48 0.43 -0.33 
White Swan 
Reservoir 
0.00 0.15 -0.34 0.33  0.18 -0.21 0.46 0.46 -0.22 
Wurdibuloc 
Reservoir 
0.02 0.02 -0.04 0.31 -0.01 -0.19 0.32 0.30 -0.26 
Table 8: Seasonal Pearson correlation co-efficents R between station pan evaporation 
and ENSO and SAM. Correlations in bold and underlined indicate a statistically 
significant (p<0.05) relationship between pan evaporation and the respective climate 
mode.  
Like with rainfall, Pearson correlation analysis was used to measure the seasonal effects 
of ENSO, IOD and SAM on pan evaporation at each station (Table 8). In Autumn, very 
weak correlations existed between ENSO and pan evaporation generally, despite the 
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existence of a statistically significant relationship at Malmsbury. No other stations come 
close to statistical significance during this season, which suggests that the ENSO pan 
evaporation association at Malmsbury may be the result of modified local conditions 
rather than a large scale ENSO influence. In the rainfall analysis, ENSO exerts its 
greatest influence during Winter and Spring, and a similar seasonal cycle was evident in 
pan evaporation. Pan evaporation exhibited moderate to strong positive relationships 
with ENSO during Winter, statistically significant at all sites except Cairn Curran. The 
positive and statistically significant correlations strengthened further during Spring, with 
the ENSO pan evaporation coefficients generally higher than those seen with rainfall 
during this season. The particularly strong influence of ENSO on Spring pan evaporation, 
is less marked along the Victorian coast at Wurdiboluc Reservoir, compared to the 
stations located on and north of the Divide, which are more exposed to tropical 
influences. 
During Autumn and Winter, the IOD correlations with pan evaporation are weak, variable 
between stations and lacking any organised geographic signature like that seen in the 
IOD/rainfall relationship. Statistical significance is reached at Cairn Curran which is 
suggestive of a greater exposure to atmospheric conditions modified by the IOD given its 
northern location. The IOD doesn't exert a significant influence of pan evaporation until 
Spring, when very strong and statistically significant correlations exist at all stations, 
especially on and north of the divide. The IOD correlations are consistent with those of 
ENSO in this season, which indicates that the same conditions that significantly affect 
Spring rainfall, are also factors in determining spring pan evaporation. 
Despite having little impact on rainfall, the SAM exhibited moderate to strong and 
statistically significant correlations with pan evaporation during Autumn, at all stations 
except Wurdiboluc Reservoir. During Winter, the SAM influence diminishes through a 
statistically strong correlation is still evident at Malmsbury. The co-existence of 
statistically significant ENSO and SAM correlations at Malmsbury during Autumn and 
Winter, is at odds with the rest of the station network. It may be that ENSO and SAM 
share a common atmospheric set up which manifests as a relatively strong influence on 
pan evaporation at this particular station. Similar to rainfall, SAM correlations with pan 
evaporation are generally weak to moderate and only reach statistical significance at 
Cairn Curran and Moorabool Reservoir in Spring. Also resembling the rainfall pattern is a 
lack of spatial organisation to the SAM influence on pan evaporation during Spring. In 
contrast to rainfall, there is little to no literature concerning seasonal pan evaporation 
trends in Australia, making it difficult to relate the findings of this study to any previous 
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research. The literature regarding Australian pan evaporation trends has instead been 
overwhelmingly focused on annual timescales. In compiling a network of high quality pan 
evaporation stations for Australia, Jovanovic et al. (2008) created continental scale maps 
which displayed contours of pan evaporation trends for each season. Whilst the use of 
such broad analysis is not particularly comparable to a strictly regional analysis like ours, 
it should be noted that the very general picture across Victoria indicated very l ittle pan 
evaporation trend in Autumn, Winter or Spring from 1970-2005.       
 
7.4 Monthly Pan Evaporation 
The monthly analysis of pan evaporation correlations displayed much greater variance 
between stations than that observed with rainfall. This is evident by the many more 
loosely clustered lines seen in Figs. 23, 24 and 25; compared to Figs. 20, 21 and 22. 
This illustrates the fact that pan evaporation tends to be susceptible to a much greater 
range of local effects under any given circulation regime, compared to rainfall.  
 
Figure 23: Monthly correlation between Pan Evaporation and ENSO 1972-2013. 
 
The month to month relationship between ENSO and pan evaporation (Fig. 23) is 
generally weak and variable from March-July. As noted in the seasonal correlations, local 
anomalies were evident at Malmsbury with statistical significance during April and May. 
The increase in ENSO influence on pan evaporation during Winter, does not become 
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prominent until August, a month later than with rainfall. Similar to rainfall, a general 
easing of the ENSO correlations occur in September. In October the ENSO association 
with pan evaporation restrengthens at northern stations (Cairn Curran and Malmsbury) 
and then becomes statistically significant throughout the region in November, including 
very strong correlations along the Great Divide.  
The monthly IOD influence (Fig. 24) exhibits broad similarities to that of ENSO with no 
strong association with pan evaporation evident until August. This coincides with the 
timing of increased IOD influence on rainfall. IOD correlations generally remain strong 
through Spring, and like rainfall, tend to peak in October. The general pattern is more 
subdued in the south with Wurdiboluc Reservoir failing to reach statistical significance 
during any of the Spring months. Whereas the ENSO correlations with pan evaporation 
develop further in November, the IOD influence diminishes, though not as dramatically 
as that seen with rainfall. 
 
Figure 24: Monthly correlation between Pan Evaporation and IOD 1972-2013. 
 
The SAM-pan evaporation relationship shows large and variable fluctuations from month 
to month throughout the station network (Fig. 25). Despite the high monthly variance, the 
SAM association with pan evaporation remains mostly negative and generally increases 
over time. In spite of the rather erratic monthly values, the peak SAM effect on pan 
evaporation is considerably greater than that on rainfall. The occurrence of widespread 
statistically strong pan evaporation correlations in September and November, displays 
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Pearson coefficient (r) values as high as -0.49 at Wurdiboluc Reservoir. Yet despite such 
momentarily strong associations, it is difficult to determine any systematic growing 
season structure to the SAM relationship with pan evaporation at a regional scale, when 
compared with the IOD and ENSO. There is also no reversal of relationship sign e.g. 
negative to positive, like that seen with rainfall at the beginning of Spring. 
 
Figure 25: Monthly correlation between Pan Evaporation and SAM 1972-2013. 
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CHAPTER 8 THE EFFECTS OF ENSO AND IOD YEARS ON 
RAINFALL AND PAN EVAPORATION 
8.1 Autumn Rainfall Composites 
The composite analyse of ENSO and IOD years in autumn must be viewed in a different 
light to those in Winter and Spring. As discussed previously, Autumn encompasses the 
time of year when ENSO and IOD have least impact on SEA climate generally. This has 
been illustrated in the correlation analysis performed at all stations in Chapter 7 with 
regards to rainfall and pan evaporation. Hence unlike Winter and Spring, there are no 
actual La Niña and El Niño, or -IOD/+IOD events in Autumn. This is because ENSO 
events have either concluded or typically don’t evolve until Winter; likewise the IOD 
rarely develops earlier than Winter. Hence the analysis for Autumn represents conditions 
where the ‘ENSO-like’ and ‘IOD-like’ extreme phases are more subdued compared to 
those seen during classic ENSO/IOD events later in the Growing Season. Nonetheless 
the composite analysis still allows for a comparison of opposing conditions based on a 
common seasonal threshold in Autumn.  
As can be seen in Figure 26, there are no major differences in rainfall between extreme 
phases of both ENSO and IOD events in Autumn. The lack of a clear ENSO or IOD 
signal in this season is reflected in the indifferent rainfall variations observed under 
respective warm and cold conditions. It is noted in the Autumn analysis that  phases 
usually associated with reduced rainfall later in the Growing Season (El Niño, +IOD), 
tend to display slightly higher rainfall on the average, compared to traditionally wetter 
modes (La Niña and –IOD) during Autumn. The generally longer ‘tails’ on the box plots, 
plus the existence of several outliers, demonstrates that high rainfall can still occur under 
what would typically be classified as ‘unfavourable’ ENSO or IOD conditions in other 
seasons. To that end the chances of obtaining high rainfall during Autumn, appears to be 
neither enhanced or reduced by ENSO or IOD, confirming the fact that the long term 
rainfall decline in this season isn't likely to be attributed to changes in these drivers 
(Murphy & Timbal 2008).   
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Figure 26: Autumn El Niño/La Niña and +IOD/-IOD composites for rainfall. Extreme or 
outlier years are marked by solid black dots. 
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8.2 Winter Rainfall Composites 
In the correlation analysis conducted in Chapter 7, it was noted that the IOD became a 
more dominant factor influencing winter rainfall in central Victoria than ENSO. In some 
literature, it has been suggested that the IOD may act as a pathway through which 
ENSO influences SEA rainfall (Cai et al. 2011). Risbey et al. (2009b) demonstrated that 
from June-October the IOD correlations with SEA rainfall remained high even after the 
effects of ENSO were removed. In contrast ENSO correlations with SEA rainfall dissipate 
once the IOD influence is removed. Such findings suggest that the IOD association with 
rainfall is able to operate independently of ENSO, but that ENSO requires IOD presence 
to have a meaningful effect on SEA rainfall. Naturally this greater IOD influence is 
reflected by substantial differences in rainfall characteristics between positive and 
negative phases of the IOD.   
Such rainfall differences between negative and positive IOD conditions in Winter are 
statistically significant (P<0.05) at all stations. They are characterised by higher mean 
rainfall during –IOD years compared to +IOD years. The difference in the range of winter 
rainfall during these phases is also important. Low rainfall Winters during +IOD are 
considerably less than those seen at the lower end of the –IOD phase. Conversely the 
upper tails of the station plots indicate that the wettest –IOD seasons are markedly 
higher than those seen when the IOD is positive, whether or not outliers for extremely 
wet years are considered.   
In contrast, ENSO by itself does not elicit a significant rainfall difference between El Niño 
and La Niña phases during winter. It is apparent however that much more rainfall 
variance exists during El Niño compared to La Niña. Therefore El Niño phases can be 
associated with both high and low winter rainfall conditions. Indeed at most stations, the 
wettest El Niño's tend to be wetter than the wettest La Niña's during winter. Brown et al. 
(2009) similarly found that the presence of El Niño need not necessarily equate to low 
winter rainfall in SEA. They examined three El Niño years (1982, 1997 and 2002) and 
found the existence and strength of the El Niño was not necessarily a useful indicator of 
rainfall during this season. For instance, the very strong El Niño was accompanied by 
near-average rainfall, whereas the relatively weak event in 2002 displayed marked 
rainfall deficiencies. This asymmetrical rainfall expression during El Niño (Murphy & 
Timbal 2008) is at odds with La Niña rainfall amounts which tend to be more reliable as 
seen by the much more compact plots seen in Figure 27.  
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Figure 27: Winter El Niño/La Niña and +IOD/-IOD composites for rainfall. Stars denote 
statistical significance (P<0.05). Extreme or outlier years are marked by solid black dots. 
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8.3 Spring Rainfall Composites 
In Chapter 7 very strong and statistically significant spring rainfall correlations with ENSO 
and IOD occurred at all stations. This coincides with the period when ENSO and IOD 
events reach maximum intensity, and hence have the greatest direct influence on SEA 
climate. It is therefore, not unexpected that this very strong tropical influence manifests 
as significantly different rainfall regimes dependent on the prevalence of cool (La Niña/-
IOD) and warm (El Niño/+IOD) phases in ENSO and IOD.   
In the Spring rainfall composite analysis (Fig. 28), statistically significant differences are 
evident at all stations between La Niña/El Niño and -IOD/+IOD events. La Niña and –IOD 
Springs have much higher mean rainfall, and receive more rainfall during their wettest 
and driest years, than do El Niño and +IOD. These results are consistent with a multitude 
of studies in SEA that have found increased rainfall when La Niña and –IOD conditions 
exist individually or concurrently, likewise reduced rainfall for El Niño and +IOD (Meyers 
et al. 2007; Timbal & Murphy 2008; Risbey et al. 2009b; Ummenhofer et al. 2009, 2010). 
Despite the simultaneous occurrence of wet or dry phases in both the Pacific and Indian 
Oceans reliably translating into higher or lower Spring rainfall anomalies, it should be 
noted that this effect is generally non-linear. That is, La Niña (El Niño) and –IOD (+IOD) 
in combination do not necessarily enhance (suppress) rainfall beyond what is often 
experienced if just an ENSO or IOD event occurred in isolation; though this can occur 
(Meyers et al. 2007; Risbey et al. 2009b; Ummenhofer et al. 2010).  
 
When the IOD is negative, an enhanced meridional gradient in eastern Indian Ocean 
SSTs promotes increased westerly flow towards Australia, with corresponding greater 
moisture flux from the northwest across the continent to SEA. The opposite occurs 
during positive IOD conditions whereby moisture advection to SEA is reduced 
(Ummenhofer et al. 2009, 2010). Under La Niña conditions, warmer SST in the western 
Pacific strengthen the jet stream leading to enhanced moisture flux over eastern 
Australia as well as providing favourable conditions for the development of rain bearing 
systems such as cut off lows. This is generally lacking in El Niño years (Ummenhofer et 
al. 2010). These are the physical mechanisms explaining the statistically significant 
Spring rainfall differences between respective ENSO and IOD events at each of our 
stations in central Victoria.    
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Figure 28: Spring El Niño/La Niña and +IOD/-IOD composites for rainfall. Stars denote 
statistical significance (P<0.05). 
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8.4 Autumn Pan Evaporation Composites 
Seasonal ENSO and IOD pan evaporation composites were developed as per those for 
rainfall. In Autumn, there was no statistically significant differences in pan evaporation 
between La Niña/El Niño and –IOD/+IOD conditions (Fig. 29), remembering that actual 
events in both drivers are rare in this season. This mirrors the rainfall analysis which 
similarly found ENSO and IOD tendencies to have minimal impact in Autumn. The 
exception was at Malmsbury which did exhibit statistically significant pan evaporation 
differences between negative and positive IOD regimes. Explanations for this finding are 
somewhat limited given the IOD was the only driver without a statistically significant 
relationship with pan evaporation at Malmsbury in Autumn.  Reminiscent of the Autumn 
rainfall analysis was the presence of much greater pan evaporation variability associated 
with La Niña in comparison with El Niño conditions.  
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Figure 29: Autumn El Niño/La Niña and +IOD/-IOD composites for pan evaporation. 
Stars denote statistical significance (P<0.05). Extreme or outlier years are marked by 
solid black dots. 
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8.5 Winter Pan Evaporation Composites 
In Winter the pan evaporation association with ENSO and IOD events, mimics that 
observed more broadly in the correlation analysis in Chapter 7. Statistically significant 
pan evaporation differences between El Niño and La Niña were evident at all stations 
except Cairn Curran, consistent with the correlation analysis. The differences are 
signified by higher pan evaporation in El Niño Winters compared to those seen under La 
Niña. Interestingly, despite clear differences in pan evaporation related to La Niña/ El 
Niño during Winter, there was no such response apparent with rainfall.  
Instead, marked differences in Winter rainfall were dependant on the prevailing IOD 
phase, yet this is not reflected to any great degree in the pan evaporation composites, 
with Cairn Curran and White Swan the only stations to reach statistical significance. 
What this suggests is that the often complimentary relationship that exists between 
rainfall and evaporation (one increases as the other decreases) tends not to function in  
any great capacity during the Winter season regardless of the prevailing ENSO or IOD 
state. It appears to only be reflected in one component of the rainfall-evaporation 
relationship under any given ENSO or IOD set up. Despite a lack of widespread 
statistically significant pan evaporation differences associated with -/+IOD events, it was 
visually apparent that positive IOD events were associated with higher pan evaporation 
than negative events though the difference was less marked than with ENSO (Fig. 30).  
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Figure 30: Winter El Niño/La Niña and +IOD/-IOD composites for pan evaporation. Stars 
denote statistical significance (P<0.05). Extreme or outlier years are marked by solid 
black dots. 
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8.6 Spring Pan Evaporation Composites 
The Spring composites display marked and statistically significant pan evaporation 
differences across central Victoria for both ENSO and IOD (Fig. 31). Events for both 
drivers are usually most evolved during Spring and this very strong ‘in-phase’ period 
explains the high correlations seen with ENSO and IOD in this season. Hence during 
Spring, ENSO and IOD have usually developed such that the dominating phase of each 
driver is usually persistent throughout Spring, whereas in other seasons it may 
occasionally cross between phases at the intra-season level. Thus La Niña and –IOD 
phases are characterised by much lower pan evaporation than El Niño and +IOD. The 
strong influence of tropical drivers on the Spring TWB, is evident in the marked 
differences between both rainfall and pan evaporation according to which extreme phase 
of ENSO/IOD exists. As discussed in Winter, broad-scale changes in atmospheric 
circulation and associated moisture flux occur between ENSO and IOD phases. These 
changes become most apparent in Spring, resulting in the most outstanding and 
complimentary rainfall-pan evaporation relationships of any season. The large scale 
changes in circulation associated with each driver means that conditions that bring 
increased cloud cover and relative humidity (La Niña, -IOD) promote greater rainfall and 
reduced pan evaporation, whilst phases responsible for drier air, increased solar 
exposure and higher temperatures (El Niño, +IOD) equate to lower rainfall and greater 
pan evaporation (Roderick & Farquhar 2004; Jovanovic et al. 2008; Roderick et al. 
2009b). In Spring, when an ENSO or IOD event occurs, it’s generally well developed 
which enhances the rainfall and pan evaporation differences that already exist between 
opposing phases. Hence the pan evaporation phase differences in Spring are all 
statistically significant except for IOD at Wurdiboluc Reservoir. Unfortunately the lack of 
studies detailing seasonal effects of climate drivers on pan evaporation in Australia, 
prevent further comparison and discussion of our composite analysis results. Yet it is 
relatively easy to discern how different circulatory features of each ENSO and IOD phase 
impacts physically upon pan evaporation in the region.   
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Figure 31: Spring El Niño/La Niña and +IOD/-IOD composites for pan evaporation. Stars 
denote statistical significance (P<0.05). Extreme or outlier years are marked by solid 
black dots. 
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CHAPTER 9 HISTORICAL SEASONAL CHANGE POINTS 
9.1 Residual Mass Curves 
Attempts to relate and reconcile changes in long term climatic variables to large scale 
climate drivers like ENSO, IOD and SAM have been performed across Australia and the 
world. The most common variables studied tend to relate to temperature and rainfall, due 
to the greater length of records associated with these elements. What has become 
apparent in much of the research is that such teleconnections with climate drivers are 
often non-stationary. Thus the affects of the driver on a particular climate variable is not 
consistent through time. For instance, Risbey et al. (2009b) found the impact of 
atmospheric blocking on Winter rainfall to be strong and widespread over SEA during 
1977-2005, whereas it’s influence from 1948-1976 was largely restricted to a small area 
of southern NSW and northern Victoria. Changes in such relationships are usually 
complex and undoubtedly involve interaction with other drivers. Hence multi-year and 
multi-decadal fluctuations in certain variables are often related to changes in climate 
driver teleconnections. Given that such teleconnection changes occur over decadal 
timeframes, a long and full record of rainfall and pan evaporation data is necessary to 
accurately identify such periods. It’s possible to conduct such an analysis with rainfall in 
the region where records begin in the 1870’s. However the shorter pan evaporation 
record is more restrictive. Hence changes in the relationship strength of ENSO, IOD and 
SAM with seasonal rainfall and pan evaporation, is analysed for each station from 1972-
2013. 
In Chapter 4, Residual Mass Curves (RMCs) were used to identify change points in the 
pan evaporation time series at each station which didn’t align with changes in 
atmospheric variables that could reasonably explain the presence of the change point in 
that time series. That is, that the change point arose from artificial or non-climatic 
changes to the area surrounding the recording equipment which subsequently affected 
the data.  The data was then homogenised to eliminate such artificial discontinuities from 
the record. The same method is now used to identify change points of climatic origin in 
our relatively 'short' 42 year records of rainfall and pan evaporation. Essentially, the 
identification of change points occurs when abrupt changes in the mean of the time 
series are detected (please see Chapters 4 & 5 for full details about the RMC technique).  
Seasonal rainfall and pan evaporation graphs depict the RMCs for each station from 
1972-2013. Ideally a longer period would be analysed to more accurately discern such 
change points. As a consequence, change points are identified based on the data 
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covered by the period of analysis. Hence some change points may be peculiar to the 
1972-2013 period representing smaller, short term changes in the mean which may not 
have been apparent had the length of the analysis period been greater. For example, a 
change point identified during 1972-2013, may be rather minor or not even detectable in 
an analysis from 1900-2013. That is, it may be ‘lost’ amongst other more significant 
change points in a longer record. This of course, does not mean that the change points 
identified from 1972-2013 are not real, just that they are only relevant to the period 
examined. In fact, following quality control and homogenisation, there is no reason to 
dismiss any change points found. Further, results in Chapter 10 demonstrate that such 
changes are largely explained by teleconnection changes with the major climate drivers.   
 
9.2 Autumn Rainfall 
A significant long term decline in Autumn rainfall has been apparent since the 1970s in 
SEA, and the subject of much recent research to understand its causal mechanisms 
(Timbal & Murphy 2008; Kiem & Verdon-Kidd 2010; Nicholls 2009; Cai et al. 2012; Cai & 
Cowan 2013). Consistent with this observation, all stations analysed in central Victoria 
exhibited pronounced and statistically significant declines in Autumn rainfall during 1972-
2013 in Chapter 6. Therefore any change point identified in the Autumn rainfall RMC 
(Fig. 32) is likely to indicate a further step down in mean Autumn rainfall rather than a 
change in rainfall signal (increasing to decreasing) given the long term trend that is 
apparent through the time series. Such a change point occurs from 1990 and is 
characterised by a very sharp and distinct (v-shaped) directional change in the RMC. At 
Cairn Curran the change is a more gradual one (u-shaped) compared to the rest of the 
network. It was noted in the time series analysis that no Autumns with very high rainfall 
had occurred after 1989. This suggests that an absence of very wet Autumns after 1989, 
is the primary reason for the change point at this time which is reflected in a significantly 
lower mean Autumn rainfall from 1990-2013 compared a relatively wetter but still 
declining phase from 1972-1989. Kiem & Verdon-Kidd (2010) also identified a complete 
absence of wet Autumns in Victoria from the early 1990s, and found the period following 
this coincided with a marked increase in mslp over western and central Victoria. Using 
rainfall data across the broader SEA region, Murphy & Timbal (2008) found just one 
Autumn with above average rainfall during 1991-2006. In this study, the Autumn of 1989 
was one of, if not the wettest Autumn since 1972 at all stations, punctuated by well 
above average rainfall across all three months. Thus relative to the rest of the analysis 
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period, 1990 is the year that marks an acceleration of an already decreasing trend in 
Autumn rainfall, rather than a change point from a wet to dry regime. The increasingly 
rapid fall in the station RMCs from 2003-2005, coincides with consecutive very low 
rainfall seasons. 
 
Figure 32: Residual mass curves for Autumn rainfall. 
 
9.3 Winter Rainfall 
Similar to Autumn, a distinct change point in Winter rainfall is evident in the RMCs at 
each station during 1972-2013 (Fig. 33). The change point year of 1997 marks the 
beginning of an extended run of lower Winter rainfall relative to the period up until 1996. 
Significantly, this change point coincides with the commencement of the Millennium 
Drought which saw long term annual rainfall deficits develop over Victoria from 1997. 
Time series analysis in Chapter 6, found generally weak trends in Winter rainfall since 
1972 across the central Victorian stations. These trends were generally negative but not 
statistically significant. This indicates that the Winter rainfall decline after 1996 is the 
main reason behind the overall negative trend, rather than an exacerbation of existing 
long term trends like those seen in Autumn. The characteristics of the Winter rainfall 
decline in the station time series after 1996 include a reduction in wet Winters, and a 
higher frequency of low rainfall years. Compared to the larger rainfall reductions seen in 
Autumn over the same period, there is very little literature concerning the spatially 
variable and weak decline in SEA Winter rainfall (Murphy & Timbal 2008). Instead, 
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research has generally been restricted to sub regions where the Winter rainfall decline 
has been greatest e.g. Snowy Mountains in Chubb et al. (2011).  
It should be noted that the reduction in Winter rainfall at all stations from 1997, appears 
to mimic the temporal signature of the Millenium Drought. The drought ceased in 2010 
which appears to coincide with stabilisation of the Winter rainfall decline in central 
Victoria. Some stations have even experienced several wet Winters during 2010-2013. 
Therefore it is suggested that a common link exists in the mechanisms that drove the 
Millenium Drought and the corresponding reduction in Winter rainfall during 1997-2009. 
Thus it follows that Winter was an important, but not the major seasonal contributor to 
the Millenium Drought rainfall deficit, with Timbal et al. (2010) finding 1997-2008 to have 
the largest negative anomaly for SEA Winter rainfall on record.  
 
Figure 33: Residual mass curves for Winter rainfall. 
 
9.4 Spring Rainfall 
Perhaps reflecting the very strong association with climate drivers in this season, the 
Spring rainfall RMCs (Fig. 34) are characterised by much 'short term' noise compared to 
the relatively clear cut change points observed in Autumn and Winter. The chaos of 
multi-year and multi-driver influence on Spring rainfall, means that it is necessary to 
single out only those points that characterise a sudden, distinct and enduring change in 
the mean Spring rainfall. This is particularly so given the naturally high inter-annual 
variability in Spring rainfall, owing to strong seasonal correlations with ENSO, IOD and 
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SAM. Two major change points were identified, resulting in the classification of three 
distinct epochs during 1972-2013. The first change point occurs very early in the analysis 
period and is characterised by above average rainfall from 1972-1975. It's noted that this 
first period is particularly short and is likely to be somewhat exaggerated by a sequence 
of anomalously wet years (1973, 1974, 1975) during this time. However, despite the 
shortness of this period, there is reason to be confident that the change point year 
identified in 1976 would still be evident even if the analysis were commenced earlier than 
1972. This is because the years (1968-1971) immediately before 1972, were all wetter 
than average Spring seasons that if included in the analysis, would only have reaffirmed 
that the period prior to 1976 was one of sustained higher Spring rainfall. Hence the early 
occurrence of this change point in the analysis does not appear to be an aberration 
corresponding to the anomalously wet years experienced from 1973-1975. In Chapter 10 
it will be demonstrated how this rainfall change point coincides with significant changes 
in the influence of several climate drivers. 
The subsequent period until the next change point in 2002 displays no particular  
tendency towards wetter or drier conditions despite sometimes large, but fleeting 
fluctuations resulting from individual wet and dry years. From 2002, there is a 
significantly lower Spring rainfall regime, which is briefly interrupted by the record wet 
conditions experienced during the 2010 Spring. A further analysis of the association of 
these change points with ENSO, IOD and SAM will be provided in Chapter 10.  
 
Figure 34: Residual mass curves for Spring rainfall. 
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9.5 Autumn Pan Evaporation 
In general, there is greater variance between stations when analysing the cumulative pan 
evaporation residuals compared to rainfall. This is largely explained by the greater 
susceptibility of pan evaporation to be influenced by changes in the local environment 
compared to rainfall. Also peculiar to pan evaporation, and apparent in the time series 
analysis, is the occurrence of missing months of pan evaporation data which prevents 
the development of a seasonal value. Whilst the number of missing seasons at each 
station is relatively small, there is a real possibility that such missing seasonal values 
could influence an analysis like RMCs. This is particularly so if the missing values would 
have been likely to exhibit very high or low values. Fortunately the number of missing 
months and hence seasons, have decreased over time, plus there are very few 
instances of missing seasonal values occurring in succession. Therefore if a missing 
seasonal value did happen to constitute a long term change point year, it would still be 
possible to discern the change in pan evaporation regime to within a year of that missing 
value. Another feature visually apparent in the pan evaporation RMCs, is that change 
points tend to mark relatively gradual transitions between wetter and drier regimes 
compared to the more abrupt changes seen with rainfall.  
The Autumn RMCs at all stations display a higher pan evaporation regime up until 1990 
(Fig. 35). After 1990 the medium term trend is towards lower Autumn pan evaporation, 
though this period is punctuated by a relative 'pause' phase from the late 1990s through 
to about 2008.  
Two interesting aspects are noted here. Firstly, the 'pause' phase closely aligns with the 
duration of the Millenium Drought, suggesting that the longer term reduction since 1991 
was moderated somewhat during this period. That is, the drought was associated with 
increased pan evaporation which appears to have temporarily cancelled out the 
background trend of a long term decline. The prevailing warmer and drier conditions 
peaked during the latter stages of the drought (2005-2008), hence a brief spike is evident 
in the RMCs around this time. Since 2010 the steep downward trend reflects successive 
anomalously low pan evaporation years.   
Secondly, the ongoing switch to declining pan evaporation occurs within a year of the 
significant rainfall change point which saw an increasingly marked decline in Autumn 
rainfall. Hence the period from 1989-1991 appears to be crucial from a TWB perspective 
in signifying a long term change in central Victoria, to a climate regime marked by 
anomalously low rainfall and pan evaporation.  
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Figure 35: Residual mass curves for Autumn pan evaporation. 
 
9.6 Winter Pan Evaporation 
The Winter RMCs (Fig. 36) display much greater spatial variation in the timing of pan 
evaporation change points, compared to the relatively universal changes seen in 
Autumn. This is particularly noticeable early in the analysis period where large variations 
exist between stations. 
Generally change points arising from the Winter RMCs are rather indistinct, especially at 
stations on the Great Divide (Moorabool and White Swan) which tend to exhibit short 
term oscillations rather than highly distinct and lasting changes in the mean. Perhaps the 
closest semblence of a change point at these stations occurs around 2006 when the 
respective curves display a steep decline indicating anomalously low Winter pan 
evaporation after this point. In the earlier time series analysis, very weak trends were 
noted in Winter pan evaporation at all stations (except White Swan) during 1972-2013. 
This is also partially a result of the very low absolute variance experienced from year to 
year, due to Winter pan evaporation typically being very low. Generally though, such 
weak longer term trends are indicative of a relatively steady Winter pan evaporation 
regime over the analysis period, with a lack of obvious and enduring changepoints.    
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Figure 36: Residual mass curves for Winter pan evaporation. 
 
9.7 Spring Pan Evaporation 
The Spring RMCs (Fig. 37) display temporally consistent change points, which appear to 
resemble multi-decadal variations in pan evaporation.  
 
Figure 37: Residual mass curves for Spring pan evaporation. 
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Despite a brief period in the early 1970s marked by very low Spring pan evaporation, the 
period up until the early 1990s is characterised by relatively steady, but higher pan 
evaporation relative to the 1972-2013 period. A significant change point occurs around 
1992-1993 which sees a lower pan evaporation regime until 2005. A sharp but short-
lived period of high pan evaporation years is evident from 2006-2009, coinciding with a 
sequence of very dry Springs from a rainfall perspective. The typical duration between 
Spring pan evaporation change points appears to be approximately 12-20 years, with a 
more regular pattern in terms of timing between anomalously high and low periods, than 
what is seen with rainfall over the same period. In Chapter 10, further analysis of change 
points in this season are performed to determine whether they signify points at which the 
effects of individual or combined climate driver teleconnections change.        
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CHAPTER 10 CHANGE POINT CONNECTIONS WITH CLIMATE 
DRIVERS 
Following the identification of change points using RMCs in Chapter 9, further analysis is 
undertaken in this chapter to discern whether such change points for rainfall and pan 
evaporation are also associated with changes in teleconnection influence from individual 
climate drivers. Pearson correlation coefficients were calculated for the three drivers 
either side of a rainfall or pan evaporation change point in each season. Three key topics 
were then selected and analysed further in this chapter.  
 
10.1 Spring Rainfall Epochs 
Given that the strongest influence from ENSO, IOD and SAM occurs in Spring for both 
rainfall and pan evaporation, a particular focus was placed on this season. In Chapter 9 
two prominent change points in Spring rainfall were identified at all stations, delineating 
three distinct rainfall epochs during 1972-2013 (Fig. 38). The first epoch was very short 
owing to the presence of the first change point near the beginning of our analysis period. 
This epoch was characterised by very high rainfall at all stations, which was shown to 
comprise the latter part of a continuum of wet Springs that extended back to the late 
1960s (even earlier on the Great Divide, though less marked on the northern plains). 
Therefore the 1976 change point appears to be reliable in representing the conclusion of 
a sustained period of above average Spring rainfall, rather than simply capturing a brief 
sequence of wet years. The correlation between climate drivers and Spring rainfall at this 
time is particularly strong and statistically significant. This is especially evident in the 
tropical connection with exceptionally high correlations (r = 0.78-0.93) associated with 
ENSO and IOD. It has been demonstrated previously (Power et al. 1999) that ENSO’s 
influence on Australian rainfall is non-stationary and tends to vary on decadal time 
scales. This is particularly evident in Spring when the ENSO teleconnection is strongest. 
Risbey et al. (2009b) examined decadal variations in the strength of the ENSO/rainfall 
relationship using the Southern Oscillation Index (SOI) rather than the Nino3.4 indices. 
They found the period from 1948-1976 exhibited a much stronger and statistically 
significant ENSO influence on Spring rainfall over Victoria, compared to the preceding 
decades and the period that followed up until 2005. The timing of these decadal 
variations in ENSO influence align with broader low frequency changes in the Pacific 
Ocean which are discussed later in this chapter. The epoch from 1972-1975 used to 
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generate the very high ENSO correlations with rainfall, is characterised by exceptionally 
persistent and high amplitude changes in ENSO. As such neutral conditions were rare 
during this time, with a very strong El Niño in 1972 and strong La Niña years from 1973-
1975. Thus the considerable inter-annual Spring rainfall anomalies that developed 
reflected these extreme ENSO conditions.  
Previous research has found that the IOD can often act as a pathway through which 
much of the ENSO rainfall influence manifests in SEA (Cai et al. 2011). This explains 
why El Niño and +IOD, and La Niña and –IOD phases, often coincide in the historical 
record (Meyers et al. 2007; Cai et al. 2011). When like conditions in the two ocean 
basins occur, this serves to reinforce the positive or negative rainfall anomalies during 
Spring. The co-existence of prominent Pacific and Indian Ocean influences during this 
period is consistent with this notion. Strong positive IOD conditions occurred in 1972 with 
El Niño, with –IOD accompanying La Niña in 1974-75. The fact that the IOD was found 
not to elicit a significant response in SEA rainfall until after 1976 (Risbey et al . 2009b) 
suggests that the strong IOD correlations during this time were likely to be a reflection of 
the IOD operating as a major ENSO pathway, rather than ‘pure’ Indian Ocean influences. 
The SAM also exhibited a relatively strong and statistically significant influence on rainfall 
during this period, though not to the same extent as the tropical drivers. Examination of 
the Spring time series for SAM fails to identify any characteristics which set this epoch 
apart from the rest of the analysis period. The Spring SAM varies between relatively 
weak negative and positive values at this time. Unlike the tropical drivers that tend to 
evolve over distinct 6-12 month periods, the SAM is a more persistent driver that varies 
in sign over the course of weeks and months (Hendon et al. 2007), meaning that the 
seasonal value incorporates a considerable amount of short term variation which 
becomes somewhat smoothed when a seasonal mean is developed.  
The commencement of a new rainfall epoch from 1976 aligns very closely with a widely 
reported “climate shift” throughout much of the world including in parts of Australia. This 
shift was characterised by significant changes in the Pacific Ocean state as expressed 
through the broader multi-decadal index known as the Inter-decadal Pacific Oscillation 
(IPO). It has been shown that from 1946-1975 a cooler (negative) phase of the IPO 
operated (Power et al. 1999). Around 1976 a distinct and persistent change towards 
warmer basin wide SSTs in the Pacific Ocean, saw a switch to the positive phase of the 
IPO (Power et al. 1999; Maher et al. 2014). Broadly speaking, La Niña events tend to be 
more common when the IPO is negative, whilst frequent El Niños are a feature of a 
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positive IPO (Maher et al. 2014). Most importantly though, the ENSO-rainfall 
teleconnection is asymmetrical depending on the IPO phase (Power et al. 1999). Thus 
the ENSO correlation with rainfall is very strong (particularly in La Niña years) when the 
IPO is in a negative phase, but particularly weak when the IPO is positive (Power et al. 
1999). Hence the IPO modulates ENSO behaviour over the long term which explains 
much of the decadal variations seen in ENSO teleconnections. The epoch from 1976-
2001 marks what is a relatively stable period in spring rainfall at all stations in this study, 
with no significant tendency towards sustained wet or dry conditions. Shorter term 
deviations are apparent with wet springs occurring in the early 1990s and individual very 
dry years present in 1982 and 1994. The existence of a positive IPO during this epoch, 
provides a context for the very weak rainfall connection with climate drivers and hence 
the lack of rainfall trend, with most station correlations being below statistical 
significance.       
Following the change point year in 2002, the third rainfall epoch from 2002-2013 is 
characterised by reduced Spring rainfall across central Victoria. This epoch also shows a 
return to more significant climate driver influence on rainfall in the region. The SAM 
shows a greater association with Spring rainfall, although a clear geographical gradient is 
evident with correlations decreasing from north to south. Despite this the SAM 
correlations are the lowest of the three drivers. The upturn in ENSO and IOD rainfall 
influence is similar but not identical to that seen during 1972-1975. Firstly the strength of 
the correlations doesn’t quite reach the same magnitude as that observed in the early 
1970s, despite being very strong and statistically significant. In the first epoch ENSO and 
IOD mirrored each other in terms of rainfall influence, whilst the IOD is clearly the 
dominant driver during 2002-2013. Risbey et al. (2009b) showed that only in recent 
decades has the IOD been a particularly prominent factor influencing SEA Spring rainfall, 
with the ENSO influence declining over the same period. The negative trend in Spring 
rainfall during the latest epoch occurs at a time where there is no trend in El Niño and La 
Niña frequency (Timbal et al. 2010). On the other hand, the very strong IOD correlations 
coincide with trends in IOD conditions that are conducive to lower Spring rainfall. This 
included a very high frequency of +IOD events and a near absence of –IOD events. In 
particular, the occurrence of three consecutive +IOD events from 2006-2008 coincides 
with the driest three year rainfall for Spring on record at most stations. It is therefore 
argued that the lower Spring rainfall regime evident at all stations after 2001 is largely the 
result of frequent +IOD conditions. The anomalously wet conditions experienced during 
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the 2010 Spring, occurred during an exceptionally strong La Niña that coincided with -
IOD conditions.        
 
Figure 38: Spring rainfall correlations with climate drivers during different rainfall epochs. 
Please note that the correlations (r) only express the magnitude of the correlation rather 
than the sign (+/-). 
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10.2 Spring Pan Evaporation Epochs 
Investigation of the climate driver influence between pan evaporation change points was 
also undertaken for Spring. Whereas the timing of rainfall change points was unanimous 
throughout the region, there were subtle variations in the timing of pan evaporation 
change points amongst the stations. Despite this, the local differences in change points 
were usually no more than a couple of years, meaning four broad pan evapora tion 
epochs could still be delineated (Fig. 39). The nature of local factors e.g. topography, 
which may modify the large scale circulation pattern producing higher or lower pan 
evaporation is likely to be a more prominent factor influencing the timing of change points 
than seen with rainfall. This ‘local’ effect also appears to result in greater variance in the 
correlations between stations.  
The first epoch of pan evaporation exhibits a very strong relationship with ENSO and 
IOD. The IOD in particular is slightly more influential at most stations. The very high 
strong association with both drivers at this time is similar to that seen with rainfall, and 
has been linked to the prevalence of the negative IPO phase (Power et al . 1999). The 
duration of this epoch is also slightly longer than that seen with rainfall, ceasing in the 
late 1970s rather than 1976. This lag in pan evaporation response may be attributed to  a 
delay in the atmospheric processes which follow broad scale oceanic changes (Maher et 
al. 2014), which are likely to have a greater affect on pan evaporation, than synoptically 
induced rainfall. The next epoch from 1980 to the early 1990s displays a more subdued 
ENSO/IOD influence with the SAM playing a more prominent role in regional pan 
evaporation. The epoch from 1992-2005, is characterised by stark geographic 
differences in driver influence between northern and southern stations. SAM’s influence 
grows in the north (Cairn Curran, Malmsbury, Moorabool) but declines in the south 
(White Swan and Wurdiboluc). Similarly the IOD correlations rise at Cairn Curran and 
Malmsbury but are very low at Wurdiboluc. The ENSO influence remains constant during 
this epoch. From 2006-2013, the pan evaporation correlations show a similar pattern to 
that seen with the most recent rainfall epoch commencing in 2002, dominated by a very 
strong IOD influence. The ENSO correlations increase slightly whilst SAM’s association 
with pan evaporation is statistically insignificant. 
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Figure 39: Spring pan evaporation correlations with climate drivers during different pan 
evaporation epochs. Please note that the correlations (r) only express the magnitude of 
the correlation rather than the sign (+/-). 
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10.3 IOD impact on Autumn/Winter Rainfall 
The most notable feature of the rainfall RMCs were the very clear change points in 
Autumn (1990) and Winter (1997) which marked persistent shifts to significantly lower 
seasonal rainfall which is ongoing. In the Autumn RMC a long term decline already 
existed so the change point in 1990 signified the beginning of a much greater rainfall 
reduction. Rainfall correlations were calculated for ENSO, IOD and SAM before and after 
the respective change points. The only driver to display a marked change in its 
relationship with rainfall after the change points was the IOD (Fig. 40). Prior to the 
respective change points in Autumn and Winter, the IOD displayed a moderate to very 
strong, statistically significant relationship with rainfall at all stations. Following the 
change points, the IOD association with rainfall in both seasons has been very weak and 
statistically insignificant.  
In Chapter 7 seasonal correlations between the IOD and rainfall over the 1972-2013 
analysis period, yielded very weak relations in Autumn but moderate correlations for 
Winter. The lack of IOD influence in Autumn was largely expected given similar findings 
in the literature (Murphy & Timbal 2008; Kiem & Verdon-Kidd 2010), coupled with the fact 
that IOD events are usually restricted to Winter and Spring (Murphy & Timbal 2008; 
Risbey et al. 2009b; Cai et al. 2011). Such longer term analysis appears to have 
concealed the fact that a very strong IOD relationship did exist with Autumn rainfall 
during 1972-1989, and perhaps even earlier. The point here is that whilst the IOD is not 
typically thought of as a prominent influence on Autumn rainfall, there appears to be at 
the least, a rainfall teleconnection with this region that has operated in the past to 
generate such high correlations. Whilst it is not within the realms of this research to 
investigate the physical processes behind these correlations, it is noted that  in recent 
decades there has been virtual absence of certain synoptic phenomena which were once  
common through the Autumn and Winter period. These include northwest cloud bands 
and pre-frontal troughs, both of which interact with the eastern Indian Ocean to capture 
tropical moisture which is conveyed to SEA (Murphy & Timbal 2008; Kiem & Verdon-Kidd 
2010). The increased frequency of +IOD, and downturn in –IOD events in recent 
decades (Ummenhofer et al. 2009) would be expected to contribute to the rainfall 
reductions in Winter more so than Autumn. 
Whether such changes in the IOD-rainfall relationship are a manifestation of lower 
frequency climate oscillations like that seen in the Pacific Ocean i.e. the IPO, is 
unknown.  Given that the Autumn and Winter change points mark extended and ongoing 
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declines in seasonal rainfall, does this suggest that the simultaneous decline in the IOD-
rainfall teleconnection during those seasons is also here to stay? On the contrary, the 
earlier analyses in this chapter identified a very strong upturn in IOD influence on Spring 
rainfall at all stations since 2006.      
 
 
Figure 40: Rainfall correlation with IOD before and after rainfall change points in Autumn 
and Winter for each station.  
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CHAPTER 11 HISTORICAL P-E ANALYSIS 
The frequency of extreme P-E months during 1972-2013 was investigated at each 
station. The monthly P-E value is a measure of the ratio of precipitation (rainfall) to 
evaporation (pan). When P-E is less than 1, evaporation exceeds precipitation creating a 
moisture deficit. P-E values above 1 characterise greater precipitation than evaporation, 
often known as Effective Precipitation. An extreme month was classed as a month where 
the P-E value ranked in the wettest or driest 10% of all monthly values for that particular 
month. Hence an extreme wet month was declared if the P-E value was at or above the 
90th percentile for that month; an extreme dry month’s P-E value was at or below the 10 th 
percentile. Extreme P-E months are grouped according to their respective seasons e.g. 
March, April and May for extreme P-E months in Autumn are represented graphically by 
the red bars. 
 
11.1 Extreme Wet P-E Months 
There are subtle and interesting differences in the frequency of extreme wet (eWET) 
months amongst the station network (Fig. 41). One common feature is the prevalence of 
a period marked by a prolonged absence of eWET months during the Growing Season. 
This period (1997-2009) coincided with the long lasting Millenium Drought. Interestingly 
Timbal (2010) used an identical procedure to determine the frequency of very high 
rainfall months (above the 90 th percentile) in SEA back to 1900. He noted that there was 
a complete absence of such months with very high rainfall during the Growing Season 
from 1993-2010. The duration of this absence was remarkable and was approximately 
four times longer than any other dry period in the record. Whilst not completely 
comparable with this analysis due to the exclusion of pan evaporation influence, Timbal 
(2010) highlighted the extraordinary nature of rainfall during this period from a historical 
perspective. At White Swan Reservoir the dearth of eWET months during the Millenium 
Drought is less pronounced. This station appears to have been the least affected by 
rainfall declines, and has also experienced the largest pan evaporation reductions of the 
stations analysed. Combined, these two factors have moderated the decline in eWET 
month frequency over the course of the Millenium Drought. 
A fairly regular frequency of eWET months during the Growing Season occurs outside of 
this drought period. Local peaks in the frequency of such months occur in the 1970s 
(Malmsbury, Moorabool and Wurdiboluc); the mid 1980s (Malmsbury); and in the first 
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half of the 1990s (Cairn Curran and Moorabool). Interestingly, Cairn Curran displays very 
few eWET months in the 1970s compared to other stations. A relatively high frequency of 
missing pan evaporation data occurs at Cairn Curran during this period which 
subsequently prevents the calculation of P-E values in those months. Therefore, it is 
likely that some eWET months were missed at this time due to incomplete data.   
The timing and frequency of eWET P-E months shows distinct characteristics according 
to the season, with very few eWET months in Autumn after the mid 1990s (except at 
White Swan). A similar pattern is evident at all stations for eWET Winter months, with 
most occurring before the onset of the Millenium Drought, whilst eWET Spring months 
were more common prior to 1994. 
Thus the pattern of seasonal eWET month frequency shows broad similarities to periods 
of higher or lower rainfall in that season generally. That is, in general the vast majority of 
eWET P-E months occur prior to the significant change points (Chapter 9) marking 
extended periods of lower rainfall in that season. Yet there appears to be an upturn in the 
frequency of eWET towards the end of the record (post 2008). Despite the occurrence of 
some high rainfall months (mostly in Spring and Summer) associated with the 2010/11 
La Niña event, there is nothing remarkable about the seasonal rainfall experienced as a 
whole over this period in a historical context. Instead there is a relatively high frequency 
of months with historically low pan evaporation values during this time. If such low pan 
evaporation values coincided with high but not exceptional rainfall totals, then there is an 
increased chance that the P-E value for that month could be particularly high. Thus 
whereas eWET months in the first few decades of the analysis period tend to coincide 
with very high rainfall months, it is suggested that the more recent increase in eWET 
months is largely driven by lower pan evaporation. Thus the use of P-E as a measure of 
dry and wet periods appears to be sensitive to changes in both precipitation and 
evaporation.  
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Figure 41: Time evolution of ‘extreme wet’ P-E months at each station. 
  
11.2 Extreme Dry P-E Months 
Due to the strong inverse relationship between rainfall and pan evaporation (Jovanovic et 
al. 2008), the occurrence of extremely dry (eDRY) P-E months may be expected to 
exhibit the opposite pattern to that seen with eWET months. However as noted in the 
seasonal time series analysis in Chapter 6, the long term linear trends at most stations 
are generally negative for both rainfall and pan evaporation during each season. 
Therefore it may be possible that the declines seen in both variables over time could 
offset such P-E changes. Figure 42 shows a general tendency for the frequency of eDRY 
months to increase at all stations over the analysis period. In this sense, the increasing 
trend in eDRY months does coincide with a downturn in the frequency of eWET months. 
In particular there is a very high density of eDRY months towards the later part of the 
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Millenium Drought from 2005-2009 across all seasons. This period experienced El Niño 
conditions in 2006 as well as an unusual occurrence of three consecutive +IOD events 
from 2006-2008. Persistent +SAM conditions also prevailed. Smaller short term peaks in 
eDRY month occurrence tend to be concentrated around strong El Niño events centred 
on 1982, 1994 and 1997.     
From a seasonal perspective, the vast majority of eDRY Autumn months tend to occur 
after the 1989-90 rainfall and pan evaporation change points in that season. This 
demonstrates that the decrease in Autumn pan evaporation since the change point is not 
by itself enough to limit the frequency of eDRY months, as the magnitude of the rainfall 
decline is a more prominent factor in determining the overall P-E during this season. It is 
apparent though that the frequency of eDRY Autumn months north of the Great Divide at 
Cairn Curran, is not significantly different either side of the change point in the early 
1990s. This is consistent with the greatest Autumn rainfall deficits occurring on and south 
of the Great Divide rather than in northern Victoria (Cai et al. 2012). The bulk of eDRY 
months in Winter are also concentrated after the rainfall change point in the mid 1990s. 
Spring shows no particular trend with regards to extreme dry months. Though it is 
evident that years of strong El Niño or +IOD exhibit dense clusters of eDRY months in 
Spring. This temporal pattern is not surprising given the strong influence of both climate 
drivers on both rainfall and pan evaporation in this season. In particular the period from 
2006-2009 experienced exceptionally low Spring rainfall associated with a strong El Niño 
and sustained +IOD conditions. Thus the occurrence of low rainfall and above average 
pan evaporation translates into a higher frequency of eDRY Spring months during this 
period. This effect was greatest in September and October.  
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Figure 42: Time evolution of ‘extreme dry’ P-E months at each station. 
 
11.3 Historical Growing Season P-E Time Series and Trends 
The focus of this research has mainly been concerned with individual elements: 
precipitation (rainfall) and pan evaporation; of the P-E equation. However the question 
that remains unanswered, is what do changes to these individual elements mean from a 
water balance perspective? Figure 43 shows the historical Growing Season (March-
November) P-E values at each station from 1972-2013. As has been emphasised 
throughout this research, there is much variation of rainfall and pan evaporation 
characteristics on seasonal and sub-seasonal timeframes. However, when these short 
term variations are combined and viewed for the total Growing Season, a clear picture is 
apparent throughout central Victoria. Long term declines in the Growing Season P-E 
values are evident at all station since 1972 with the linear trend of the decline remarkably 
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similar despite the different rainfall and pan evaporation regimes that exist in the region. 
The exception appears to be at White Swan where the long term decline is very slight. 
This is a reflection of the higher rate of pan evaporation decline at that station, which has 
compensated for the reduction in rainfall, to a greater extent than at other stations. Thus 
the magnitude of the P-E decline has been more subdued at this station. The frequency 
of Growing Seasons that produce Effective Precipitation (P-E >1) has diminished over 
time, particularly since the year 2000. Effective Precipitation years are still common at 
the wettest locations (Moorabool and White Swan) on the Great Divide, whilst marginal 
areas like Malmsbury have seen a change from fairly regular years of Effective 
Precipitation in the 1970s, 80s and 90s, to just the occasional year post 2000. Years  of 
Effective Precipitation at Wurdiboluc are historically rare, though the few that have 
occurred were all before the mid 1980s. The dry sub-humid Cairn Curran station is nearly 
always in moisture deficit during the Growing Season.       
 
Figure 43: Growing Season P-E time series 1972-2013 with linear trends at each station. 
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CONCLUSION 
This research has examined characteristics of the Terrestrial Water Balance (TWB) at 
five stations in central Victoria. The majority of the analysis concerns the two individual 
components of the TWB: rainfall and pan evaporation. Changes in these variables have 
occurred during the growing season (March-November) between 1972-2013 at both the 
monthly and seasonal level.  
Autumn has seen a long term reduction in rainfall at all stations, which is statistically 
significant and ongoing. The rainfall decline accelerated after 1989 marked by a 
complete absence of high rainfall years, and a strong downturn in the influence of the 
IOD. The bulk of the decline has occurred during April and May. Most stations also 
exhibit decreasing pan evaporation during this season, though of a smaller magnitude 
than rainfall. Over the analysis period, Autumn pan evaporation shows statistically 
significant correlations with the SAM, except on the Victorian coastline. Hence the 
increasingly +SAM trend in Autumn may be contributing to the long term decline in pan 
evaporation, but has only a weak association with rainfall.  
Long term trends in Winter rainfall and pan evaporation are relatively minor with both 
exhibiting a weak decline at most stations. For rainfall the decline is more evident in 
August than in June or July. The climate driver with the greatest influence on rainfall is 
the IOD, particularly at inland stations, though this influence has diminished since 1997. 
Despite this, statistically significant differences in Winter rainfall between negative and 
positive IOD conditions are apparent at all stations. For pan evaporation the highest 
correlations are with ENSO, with significant differences in pan evaporation regime 
depending on whether La Niña or El Niño conditions exist. Generally the effects of ENSO 
and IOD come to the fore in August, with only weak relations with rainfall and pan 
evaporation during June and July.         
The Spring season exhibits the strongest correlations with all climate drivers and thus 
has the greatest inter-annual variability in rainfall and pan evaporation. Rainfall is very 
strongly correlated to the IOD, and is also statistically significant with ENSO. Decadal 
variability is a feature of the teleconnections with these tropical drivers, hence Spring 
rainfall is characterised by runs of multiyear or decadal wet and dry years. This means 
that longer term trends derived from time series analysis may be more sensitive in Spring 
to the start and end years used than in other seasons. During 1972-2013 negative trends 
in Spring rainfall are observed, however the magnitude of the decline is somewhat 
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exaggerated by the presence of very high rainfall years at the beginning of the analysis. 
Certainly there does appear to be a general Spring rainfall decline marked by a reduction 
in the frequency of wet years and the occurrence of several very low rainfall years after 
2001. These very low rainfall years have coincided with an increased frequency of +IOD 
events, associated with a strengthening of the IOD-rainfall teleconnection after 2001.  
At a monthly scale there are conflicting rainfall trends – September and especially 
October have both experienced significant rainfall declines, whilst November rainfall has 
increased. Extreme phases of the tropical drivers exert a very large impact on the TWB 
in Spring. When El Niño and/or +IOD occur, rainfall is much less and pan evaporation is 
higher. In contrast during La Niña/-IOD, greater rainfall occurs and pan evaporation 
decreases. This inverse rainfall-pan evaporation relationship means that the magnitude 
of wet and dry TWB periods in Spring are magnified according to the prevailing ENSO or 
IOD phase. Interestingly there has also been a renewal of the pan evaporation 
correlations with IOD and ENSO in Spring after 2005, similar to that seen with rainfall. 
Long term trends in Spring pan evaporation are generally weak and variable in the sign 
of the trend from month to month and between the stations. 
An emphasis was placed on understanding the pan evaporation element of the TWB as 
much as that which is related to rainfall. This research builds on and extends the rather 
limited literature concerning pan evaporation characteristics and trends in Australia. 
Previous studies generally focus on pan evaporation at the continental level, in this 
research local variations within a regional area have been examined. There had also 
been an emphasis on the annual pan evaporation trend, which tends to mask significant 
seasonal or monthly trends which are often opposite in sign.  
Perhaps the most unique component of this research is the relating of pan evaporation 
characteristics to changes in large scale climate drivers. This has previously been done 
with other elements such as air temperature and rainfall, from which the ability to derive 
seasonal forecasts has occurred. In this study pan evaporation on the whole, displayed a 
stronger relationship with climate drivers than rainfall, suggesting that such a seasonal 
forecast scheme may be possible for pan evaporation. This would complement the 
rainfall forecasts already in place and allow for a more complete picture of TWB 
conditions which are so significant to agriculture and other industries in central Victo ria. 
Despite a concurrent decrease in rainfall and pan evaporation in some seasons, the 
overall picture for the growing season is one of declining P-E values, or reduced 
atmospheric moisture availability during 1972-2013. This research demonstrates the 
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significance of looking at rainfall and pan evaporation characteristics at the local level 
and on sub-seasonal timeframes. Important temporal and spatial variations owing to 
geographic and topographic influences are missed when short term variations are 
averaged into longer time periods and viewed from a broad regional perspective.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
138 
 
REFERENCES 
 
Alexander, A. V. & Power, S. (2009). Severe storms inferred from 150 years of subdaily 
pressure observations along Victoria’s “Shipwreck Coast”. Australian Meteorological and 
Oceanographic Journal, 58, (129 - 133). Retrieved from: 
http://www.bom.gov.au/amoj/docs/2009/alexander.pdf 
 
Alexander, L. V., Wang, X. L., Wan, H. & Trewin, B. (2011). Significant decline in 
storminess over southeast Australia since the late 19th century. Australian 
Meteorological and Oceanographic Journal, 61, (23 - 30). Retrieved from: 
http://www.bom.gov.au/amoj/docs/2011/alexander.pdf 
 
Ashcroft, L., Karoly, D. & Gergis, J. (2012). Temperature variations of southeastern 
Australia, 1860–2011. Australian Meteorological and Oceanographic Journal, 62(4), 
227–245. Retrieved from: http://www.bom.gov.au/amoj/docs/2012/ashcroft.pdf  
 
Brown, J. N., McIntosh P. C., Pook, M. J., & Risbey, J. S. (2009). An Investigation of the 
Links between ENSO Flavours and Rainfall Processes in Southeastern Australia.  
Monthly Weather Review, 137, 3786 – 3795. doi: 10.1175/2009MWR3066.1 
 
Bureau of Meteorology (BOM) (2006). Special Climate Statement 9 - An exceptionally 
dry decade in parts of southern and eastern Australia: October 1996 – September 2006. 
Issued 10th October 2006. National Climate Centre, pp 9. Retrieved from: 
http://www.bom.gov.au/climate/current/statements/scs9a.pdf 
 
Bureau of Meteorology (BOM) & CSIRO (2012). State of the Climate 2012. 12 pp. 
Retrieved from: 
http://www.bom.gov.au/announcements/media_releases/ho/stateClimate2012.pdf  
 
Bureau of Meteorology (BOM). (2013a). Basic Climatological Station Metadata: Cairn 
Curran 088009. Retrieved from: 
http://www.bom.gov.au/clim_data/cdio/metadata/pdf/siteinfo/IDCJMD0040.088009.SiteInf
o.pdf 
 
 
139 
 
Bureau of Meteorology (BOM). (2013b). Basic Climatological Station Metadata: 
Malmsbury 088042. Retrieved from: 
http://www.bom.gov.au/clim_data/cdio/metadata/pdf/siteinfo/IDCJMD0040.088042.SiteInf
o.pdf 
 
Bureau of Meteorology (BOM). (2013c). Basic Climatological Station Metadata: 
Moorabool Reservoir 087045. Retrieved from: 
http://www.bom.gov.au/clim_data/cdio/metadata/pdf/siteinfo/IDCJMD0040.087045.SiteInf
o.pdf 
  
Bureau of Meteorology (BOM). (2013d). Basic Climatological Station Metadata: White 
Swan Reservoir 089048. Retrieved from: 
http://www.bom.gov.au/clim_data/cdio/metadata/pdf/siteinfo/IDCJMD0040.089048.SiteInf
o.pdf 
 
Bureau of Meteorology (BOM). (2013e). Basic Climatological Station Metadata: 
Durdidwarrah 087021. Retrieved from: 
http://www.bom.gov.au/clim_data/cdio/metadata/pdf/siteinfo/IDCJMD0040.087021.SiteInf
o.pdf 
  
Bureau of Meteorology (BOM). (2013f). Basic Climatological Station Metadata: Geelong 
Salines 087023. Retrieved from: 
http://www.bom.gov.au/clim_data/cdio/metadata/pdf/siteinfo/IDCJMD0040.087023.SiteInf
o.pdf 
  
Bureau of Meteorology (BOM). (2013g). Basic Climatological Station Metadata: 
Wurdiboluc Reservoir 087126. Retrieved from: 
http://www.bom.gov.au/clim_data/cdio/metadata/pdf/siteinfo/IDCJMD0040.087126.SiteInf
o.pdf 
Cai, W. & Cowan, T. (2009). La Niña Modoki impacts Australia autumn rainfall variability. 
Geophysical Research Letters, 36(L12805). doi:10.1029/2009GL037885. 
 
Cai, W., Rensch, P. V. & Cowan, T. (2011). Influence of Global-Scale Variability on the 
Subtropical Ridge over Southeast Australia. Journal of Climate, 24, 6035 – 6053. doi: 
10.1175/2011JCLI4149.1  
140 
 
Cai, W., Cowan, T. & Thatcher, M. (2012). Rainfall reductions over Southern Hemisphere 
semi-arid regions: the role of subtropical dry zone expansion. Scientific Reports, 2(702), 
(1 – 5). doi:10.1038/srep00702 
 
Cai, W. & Cowan, T. (2013). Southeast Australia Autumn Rainfall Reduction: A Climate-
Change-Induced Poleward Shift of Ocean–Atmosphere Circulation. Journal of Climate, 
26, 189 – 205. doi: 10.1175/JCLI-D-12-00035.1 
 
Chubb, T. H., Siems, S. T., & Manton, M. J. (2011). On the Decline of Wintertime 
Precipitation in the Snowy Mountains of Southeastern Australia. Journal of 
Hydrometeorology, 12 (1483 - 1497). doi: 10.1175/JHM-D-10-05021.1 
 
Drosdowsky W & Chambers L. E. (2001). Near global sea surface temperature 
anomalies as predictors of Australian seasonal rainfall. 
Journal of Climate, 14: (1677 - 1687). 
 
Drosdowsky, W. (2005). The Latitude of the Subtropical Ridge over Eastern Australia: 
The L Index Revisited. International Journal of Climatology, 25, (1291 - 1299). doi: 
10.1002/joc.1196 
 
Frederiksen, J. S., Frederiksen, C. S., Osbrough, S. L., & Sisson, J. M. (2011). Changes 
in Southern Hemisphere rainfall, circulation and weather systems. 19th International 
Congress on Modelling and Simulation 2011, (2712 - 2718).  
Retrieved from: http://mssanz.org.au/modsim2011 
 
Fu, G., Charles, S. P. & Yu, J. (2009). A critical overview of pan evaporation trends 
over the last 50 years. Climatic Change, 97, 193 – 214. doi: 10.1007/s10584-009-9579-1   
 
Gergis, J., Gallant, A.J., Braganza, K., Karoly, D. J., Allen, K., Cullen, L., ... McGregor, S.  
(2012). On the long-term context of the 1997–2009 ‘Big Dry’ in south-eastern Australia: 
Insights from a 206-year multi-proxy rainfall reconstruction. Climatic Change, 111, 923–
944. doi:10.1007/s10584-011-0263-x. 
 
Hendon, H. H., Thompson, D. W. J. & Wheeler, M. C. (2007). Australian Rainfall and 
Surface Temperature Variations Associated with the Southern Hemisphere Annular 
Mode. Journal of Climate, 20, 2452 – 2467. doi: 10.1175/JCLI4134.1 
141 
 
Ho, M., Kiem, A. S. & Verdon-Kidd, D. C. (2012). The Southern Annular Mode: a 
comparison of indices. Hydrology & Earth Systems Sciences, 16, 967–982. doi: 
10.5194/hess-16-967-2012 
Hobbins, M. T., Dai, A., Roderick, M. L. & Farquhar, G. D. (2008). Revisiting the 
parameterization of potential evaporation as a driver of long-term water balance trends. 
Geophysical Research Letters, 35(L12403), 1 – 6. doi:10.1029/2008GL033840. 
 
Hope, P., Timbal, B. & Fawcett, R. (2010). Associations between rainfall variability in the 
southwest and southeast of Australia and their evolution through time. International 
Journal of Climatology, 30, 1360 – 1371. doi: 10.1002/joc.1964 
 
Johnson, F. & Sharma, A. (2010). A Comparison of Australian Open Water Body 
Evaporation Trends for Current and Future Climates Estimated from Class A Evaporation 
Pans and General Circulation Models. Journal of Hydrometeorology, 11, 105 – 121. doi: 
10.1175/2009JHM1158.1 
 
Jovanovic, B, Jones, D. A, & Collins, D. (2008). A high quality monthly pan 
evaporation dataset for Australia. Climatic Change, 87, 517 – 535. doi: 10.1007/s10584-
007-9324-6 
 
Kiem, A.S. and Verdon-Kidd, D.C. (2010): Towards understanding hydroclimatic change 
in Victoria, Australia – preliminary insights into the “Big Dry”. Hydrology and Earth 
System Sciences, 14, 433–445, www.hydrol-earth-syst-sci.net/14/433/2010/. 
 
King, P. N. (1979). A Report on the Ballarat Water Supply Catchments - A Proposal f or 
Proclamation prepared for consideration by the Land Conservation Council. Retrieved 
from: 
http://vro.depi.vic.gov.au/dpi/vro/coranregn.nsf/pages/pwsc_63_ballarat_pdf/$FILE/ballar
at_WS.pdf 
 
Landvogt, P. K., Bye, J. A. T. & Lane, T. P. (2008). An investigation of recent orographic 
precipitation events in northeast Victoria. Australian Meteorological Magazine, 57(3), 235 
– 247. Retrieved from http://www.bom.gov.au/amoj/docs/2008/landvogt.pdf  
 
142 
 
Larsen, S. H. (2008). Australian winter anticyclonicity, 1850–2006. Journal of 
Geophysical Research, 113(D06105), 1 – 5. doi:10.1029/2007JD008873. 
 
Larsen, S. H. & Nicholls. N. (2009). Southern Australian rainfall and the subtropical ridge: 
Variations, interrelationships, and trends, Geophysical Research Letters, 36(L08708). 
doi: 10.1029/2009GL037786. 
 
Larsen, S. H. & Nicholls. N. (2012). The nature of the recent rainfall decrease in the 
vicinity of Melbourne, southeastern Australia, and its impact on soil water balance and 
groundwater recharge, Australian Meteorological and Oceanographic Journal, 62(1), 11 
– 24. Retrieved from http://www.bom.gov.au/jshess/docs/2012/larsenupdated_hres.pdf 
 
Lorimer, M. S. & Schoknecht, N. R. (1987). A Study of the Land in the Campaspe River 
Catchment. Retrieved from: 
http://vro.depi.vic.gov.au/dpi/vro/nthcenregn.nsf/pages/nthcen_landform_campaspe_river
_pdf1/$FILE/campaspe%20ch3.pdf 
 
Maher, N., Sen Gupta, A. & England, M. H (2014). Drivers of decadal hiatus periods in 
the 20th and 21st centuries. Geophysical Research Letters, 41, 5978–5986. 
doi:10.1002/2014GL060527. 
 
McVicar, T. R., Van Niel, T. G., Li, L. T., Roderick, M. L., Rayner, D. P., Ricciardulli, L. & 
Donohue, R. J. (2008). Wind speed climatology and trends for Australia, 1975–2006: 
Capturing the stilling phenomenon and comparison with near-surface reanalysis output. 
Geophysical Research Letters, 35(L20403), 1 – 6. doi:10.1029/2008GL035627. 
 
Meneghini, B., Simmonds, I. & Smith, I. N. (2007). Association between Australian 
rainfall and the Southern Annular Mode. International Journal of Climatology, 27, 109 -
121. doi: 10.1002/joc.1370 
 
Meyers G, McIntosh P, Pigot L, & Pook M. (2007). The years of El Niño, La Niña and 
interaction with the Indian Ocean. Journal of Climate, 20(13), 2872–2880. doi: 
10.1175/JCLI4152.1 
  
Murphy, B. F. & Timbal, B. (2008). A review of recent climate variability and climate 
change in southeastern Australia. International Journal of Climatology, 28, 859 – 879.  
143 
 
doi: 10.1002/joc.1627 
 
Nicholls N. (1989). Sea surface temperatures and Australian winter rainfall. Journal of 
Climate, 2, 965 - 973. 
 
Nicholls, N. (2004). The Changing Nature of Australian Droughts. Climatic Change, 
63(3), 323-336. Retrieved from: 
http://link.springer.com/article/10.1023%2FB%3ACLIM.0000018515.46344.6d 
 
Nicholls, N. (2009). Local and remote causes of the southern Australian autumn-winter 
rainfall decline, 1958–2007. Climate Dynamics, 34(6), 835-845. doi: 10.1007/s00382-
009-0527-6 
 
Pitt, A. J. (1991). A Study of the Land in the Catchments of the Otway Range and 
Adjacent Plains. Retrieved from: 
http://vro.depi.vic.gov.au/dpi/vro/coranregn.nsf/pages/corangamite_ls_otway/$FILE/otwa
y.pdf 
 
Pook, M. J., McIntosh, P. C. & Meyers, G. A (2006). The Synoptic Decomposition of 
Cool-Season Rainfall in the Southeastern Australian Cropping Region. Journal of Applied 
Meteorology and Climatology, 45, 1156 - 1170. Retrieved from: 
http://journals.ametsoc.org/doi/pdf/10.1175/JAM2394.1 
Pook, M., Lisson, S., Risbey, J., Ummenhofer, C. C., McIntosh, P., & Rebbeck, M. 
(2009). The autumn break for cropping in southeast Australia: trends, synoptic influences 
and impacts on wheat yield. International Journal of Climatology, 29, 2012 – 2026. doi: 
10.1002/joc.1833 
 
Post, D. A., Timbal, B., Chiew, F.H., Hendon, H. H., Nguyan, H. & Moran, R. (2014). 
Decrease in southeastern Australian water availability linked to ongoing Hadley cell 
expansion. Earth’s Future,2(4), 231 – 238. doi: 10.1002/2013EF000194  
 
Power, S., Casey, T., Folland, C., Colman, A. & Mehta, V. (1999). Inter-decadal 
modulation of the impact of ENSO on Australia. Climate Dynamics, 15, 319 – 324. doi: 
10.1007/s003820050284 
 
144 
 
Rancic, A., Salas, G., Kathuria, A., Acworth, I., Johnston, W., Smithson, A. & Beale, G. 
(2009). Climatic influence on shallow fractured-rock groundwater systems in the Murray–
Darling Basin, NSW. NSW Department of Environment and Climate Change. Retrieved 
from: http://www.environment.nsw.gov.au/resources/salinity/09108groundwatermdb.pdf 
 
Rayner, D.P. (2005). Australian synthetic daily Class A pan evaporation – Technical 
Report December 2005. Queensland Department of Natural Resources and Mines. 
Retrieved from: 
https://www.longpaddock.qld.gov.au/silo/documentation/AustralianSyntheticDailyClassA
PanEvaporation.pdf 
 
Rayner, D. P. (2007). Wind Run Changes: The Dominant Factor Affecting Pan 
Evaporation Trends in Australia. Journal of Climate, 20, 3379 – 3394. doi: 
10.1175/JCLI4181.1 
 
Risbey, J. S., Pook, M. J., McIntosh, P. C., Ummenhofer, C. C. & Meyers, G. (2009a). 
Characteristics and variability of synoptic features associated with cool season rainfall in 
southeastern Australia. International Journal of Climatology, 29, 1595  - 1613.  
doi: 10.1002/joc.1775 
 
Risbey, J. S., Pook, M. J., McIntosh, P. C., Wheeler, M. C. & Hendon, H. H. (2009b). On 
the Remote Drivers of rainfall Variability in Australia. Monthly Weather Review, 137, 
3233 – 3253. doi: 10.1175/2009MWR2861.1  
 
Roderick, M. L. & Farquhar, G. D. (2002). The Cause of Decreased Pan Evaporation 
over the Past 50 Years. Science Magazine, 298(5597), 1410 - 1411. doi: 
10.1126/science.1075390-a 
 
Roderick, M. L. & Farquhar, G. D. (2004). Changes in Australian Pan Evaporation from 
1970 to 2002. International Journal of Climatology, 24, 1077 – 1090. doi: 
10.1002/joc.1061 
 
Roderick, M. L., Rotstayn, L. D., Farquhar, G. D. & Hobbins, M. T. (2007). On the 
attribution of changing pan evaporation. Geophysical Research Letters, 34(L17403), 1 - 
6. doi:10.1029/2007GL031166. 
 
145 
 
Roderick, M. L., Hobbins, M. T. & Farquhar, G. D. (2009a). Pan Evaporation Trends and 
the Terrestrial Water Balance. I. Principles and Observations. Geography Compass 
,3/2(2009), 746 – 760. doi: 10.1111/j.1749-8198.2008.00213.x 
 
Roderick, M. L., Hobbins, M. T. & Farquhar, G. D. (2009b). Pan Evaporation Trends and 
the Terrestrial Water Balance. II. Energy Balance and Interpretation. Geography 
Compass, 3/2(2009), 761 – 780. doi: 10.1111/j.1749-8198.2008.00214.x 
 
Saji, N. H., Goswami, B. N., Vinayachandran, P. N. & Yamagata, T. (1999). A dipole 
mode in the tropical Indian Ocean. Nature, 401, 360 – 363. Retrieved from: 
http://www.nature.com/nature/journal/v401/n6751/pdf/401360a0.pdf 
 
Schoknecht, N. R. (1988). Land Inventory of the Loddon River Catchment - A 
Reconnaissance survey. Retrieved from: 
http://vro.depi.vic.gov.au/dpi/vro/nthcenregn.nsf/pages/nthcen_landform_geo_loddon_lan
d_pdf1/$FILE/loddon_inventory_parta2.pdf 
 
Smith, I. N. & Timbal, B. (2012). Links between tropical indices and southern Australian 
rainfall. International Journal of Climatology, 32, 33 – 40. doi: 10.1002/joc.2251 
 
Timbal, B. and Fernandez, E. (2009). Improved detection of the recent rainfall decline 
across SEA including its seasonality and spatial characteristics. South-Eastern 
Australian Climate Initiative (SEACI), final report for Project 1.2.1P. 25 pp. 
 
Timbal, B. (2010). A discussion on aspects of the seasonality of the rainfall decline in 
South-Eastern Australia. CAWCR Research Letters July 2010, 4, 20 – 26. Retrieved 
from: 
http://www.cawcr.gov.au/publications/researchletters/CAWCR_Research_Letters_4.pdf 
 
Timbal, B., Arblaster, J., Braganza, K.., Fernandez, E., Hendon, H., Murphy, B., … 
Wheeler, M. (2010). Understanding the anthropogenic nature of the observed rainfall 
decline across South Eastern Australia. CAWCR Technical Report No. 026. Retrieved 
from: http://www.cawcr.gov.au/publications/technicalreports/CTR_026.pdf 
 
146 
 
Timbal, B. & Fawcett, R. (2012). A Historical Perspective on Southeastern Australian 
Rainfall since 1865 Using the Instrumental Record. Journal of Climate, 26, 1112 – 1129. 
doi: 10.1175/JCLI-D-12-00082.1 
 
Trewin, B. &  Vermont, H. (2010). Changes in the frequency of record temperatures in 
Australia, 1957-2009. Australian Meteorological and Oceanographic Journal, 60, 113 - 
119. Retrieved from: http://www.bom.gov.au/amoj/docs/2010/trewin.pdf 
 
Troccoli, A., Muller, K., Coppin, P., Davy, R., Russell, C. & Hirsch, A. L. (2012). Long-
Term Wind Speed Trends over Australia. Journal of Climate, 25, 170 – 183. doi: 
10.1175/2011JCLI4198.1 
 
Ummenhofer, C. C., England, M. H., McIntosh, P. C., Meyers, G. A., Pook, M. J., Risbey, 
J. S., Sen Gupta, A. & Taschetto, A. S. (2009). What causes southeast Australia’s worst 
droughts? Geophysical Research Letters, 36(L04706), 1 - 5. doi:10.1029/2008GL036801 
 
Ummenhofer, C. C., Sen Gupta, A., Briggs, P. R., England, M. H., McIntosh, P. C., 
Meyers, G. A., Pook, M. J. , Raupach, M. R. & Risbey, J. S. (2010). Indian and Pacific 
Ocean Influences on Southeast Australian Drought and Soil Moisture. Journal of Climate, 
24, 1313 – 1336. doi: 10.1175/2010JCLI3475.1 
 
van Dijk, M. H. (1985). Reduction in evaporation due to the bird screen used in the 
Australian class A pan evaporation network. Australian Meteorological Magazine,33, 181 
-183.   
 
Verdon-Kidd, D. C. & Kiem, A. S. (2009a). Nature and causes of protracted droughts in 
southeast Australia: Comparison between the Federation, WWII, and Big Dry droughts. 
Geophysical Research Letters, 36(L22707). doi:10.1029/2009GL041067. 
 
Verdon-Kidd, D. C. & Kiem, A. S. (2009b). On the relationship between large-scale 
climate modes and regional synoptic patterns that drive Victorian rainfall. Hydrology and 
Earth System Sciences, 13, (467 – 479). Retrieved from: http://www.hydrol-earth-syst-
sci.net/13/467/2009/hess-13-467-2009.pdf 
 
147 
 
Verdon-Kidd, D. C., Kiem, A. S. & Moran, R. (2014). Links between the Big Dry in 
Australia and hemispheric multi-decadal climate variability. Hydrology and Earth System 
Sciences, 18, (2235 – 2256). doi:10.5194/hess-18-2235-2014 
 
Victoria. Department of Environment and Primary Industries. (1981a). 7.18 Freshwater 
Creek Land System. Retrieved from: 
http://vro.depi.vic.gov.au/dpi/vro/coranregn.nsf/pages/corangamite_ls_pdfs/$F ILE/freshw
ater_creek.pdf 
 
Victoria. Department of Environment and Primary Industries. (1981b). 7.30 Paraparap 
Land System. Retrieved from: 
http://vro.depi.vic.gov.au/dpi/vro/coranregn.nsf/pages/corangamite_ls_pdfs/$FILE/parapa
rap.pdf 
Victoria. Department of Environment and Primary Industries. (2014a). Primary 
Production Landscapes of Victoria - Central Victoria. Retrieved August 21, 2014, from 
http://vro.depi.vic.gov.au/dpi/vro/vrosite.nsf/pages/primary_prod_landscapes_central_vic 
Victoria. Department of Environment and Primary Industries. (2014b). Primary 
Production Landscapes of Victoria - Southern Plains. Retrieved August 21, 2014, from 
http://vro.depi.vic.gov.au/dpi/vro/vrosite.nsf/pages/primary_prod_landscapes_southern_p
lains 
Whan, K., Bertrand Timbal, B. & Lindesay, J. (2013). Linear and nonlinear statistical 
analysis of the impact of sub-tropical ridge intensity and position on south-east Australian 
rainfall. International Journal of Climatology, 34. 326 – 342. doi: 10.1002/joc.3689  
 
Whetton, P.H. (1990). Relationships between monthly anomalies of Australian region 
sea-surface temperature and Victorian rainfall. Australian Meteorological Magazine, 38, 
31 – 41. Retrieved from: http://www.bom.gov.au/amoj/docs/1990/whetton.pdf 
 
Wright, W. J. (1989). A Synoptic Climatological classification of Winter precipitation in 
Victoria. Australian Meteorological Magazine, 37, 217 – 229. Retrieved from 
http://www.bom.gov.au/amoj/docs/1989/wright.pdf 
 
 
148 
 
APPENDIX 1 
AUTUMN RAINFALL (March – May) 
YEAR Cairn Curran Malmsbury Moorabool White Swan Wurdiboluc 
1972 96.1 154.5 193.0 162.3 128.9 
1973 152.8 261.3 240.0 244.1 176.2 
1974 214.3 365.0 324.6 299.2 256.2 
1975 96.8 154.2 225.0 177.8 171.0 
1976 37.0 69.0 117.2 89.0 74.0 
1977 88.6 176.4 255.4 282.0 177.2 
1978 112.6 167.9 243.2 236.2 212.4 
1979 98.7 169.5 199.4 196.8 147.6 
1980 115.5 154.6 194.8 185.8 162.7 
1981 76.8 153.4 194.4 191.0 140.0 
1982 103.3 145.3 202.0 188.6 126.4 
1983 209.5 291.1 310.8 293.4 263.2 
1984 91.3 184.4 235.6 216.6 152.4 
1985 93.0 145.5 202.4 142.8 163.2 
1986 123.2 176.9 219.4 230.4 148.6 
1987 131.3 195.8 258.6 236.6 168.2 
1988 147.4 189.8 191.4 209.0 147.1 
1989 244.0 342.6 281.2 336.4 204.5 
1990 52.6 93.5 201.0 152.6 121.6 
1991 148.0 46.0 99.6 89.6 69.0 
1992 148.0 193.0 225.4 212.2 165.9 
1993 98.6 123.0 121.4 120.8 42.3 
1994 51.8 73.4 133.4 108.4 80.9 
1995 164.5 238.6 338.6 293.7 198.0 
1996 123.8 127.0 206.2 184.6 111.4 
1997 87.4 138.2 138.5 140.6 119.2 
1998 86.5 125.2 153.8 160.6 78.4 
1999 122.1 161.6 157.4 148.8 120.6 
2000 103.8 149.6 215.6 184.2 115.8 
2001 84.4 105.0 230.2 211.0 257.6 
2002 76.0 100.6 131.4 131.0 104.7 
2003 97.7 104.6 154.0 169.6 90.0 
2004 43.2 81.0 139.6 147.0 113.8 
2005 34.0 45.2 63.8 60.1 37.2 
2006 72.8 111.7 188.2 155.6 124.0 
2007 132.2 209.0 192.6 166.0 126.6 
2008 70.8 86.8 116.0 122.8 71.1 
2009 60.6 88.4 164.6 167.0 88.2 
2010 159.4 193.4 207.4 241.0 147.8 
149 
 
2011 92.0 136.6 184.0 179.2 96.2 
2012 107.8 158.6 192.4 210.0 150.8 
2013 44.2 89.8 93.2 98.2 74.2 
Table A1: Autumn rainfall figures for stations analysed 1972-2013. 
 
WINTER RAINFALL (June – August) 
YEAR Cairn Curran Malmsbury Moorabool White Swan Wurdiboluc 
1972 120.6 221.4 237.0 190.8 125.0 
1973 213.2 292.0 311.6 277.0 203.3 
1974 137.0 255.4 362.8 265.8 305.4 
1975 136.6 261.8 346.0 253.0 213.8 
1976 69.4 170.0 284.0 227.7 151.6 
1977 109.6 223.6 390.4 344.3 214.0 
1978 184.0 287.5 378.4 309.2 349.0 
1979 115.7 197.3 227.4 209.8 144.0 
1980 140.8 273.3 352.2 297.0 208.2 
1981 305.3 499.9 504.4 452.8 254.8 
1982 45.5 95.1 141.0 146.4 90.0 
1983 169.0 313.2 331.4 317.4 198.6 
1984 151.6 282.9 270.0 235.4 215.2 
1985 138.9 272.8 367.4 304.2 182.4 
1986 137.8 247.4 293.0 276.0 164.0 
1987 152.1 302.3 306.6 250.8 157.8 
1988 157.0 291.0 315.3 280.2 196.7 
1989 166.0 260.6 365.8 337.4 215.9 
1990 212.2 349.2 380.2 373.6 200.7 
1991 231.0 386.0 427.8 387.2 237.8 
1992 133.4 264.2 354.2 298.6 206.1 
1993 158.2 259.4 345.0 306.6 205.3 
1994 95.9 163.8 207.4 186.6 128.3 
1995 209.9 332.2 329.2 302.8 207.1 
1996 226.3 392.4 434.4 422.8 241.5 
1997 121.2 164.7 239.8 195.0 126.6 
1998 118.3 202.2 255.6 234.0 142.6 
1999 167.7 253.0 269.2 245.2 142.4 
2000 147.9 201.0 246.6 241.8 143.6 
2001 115.2 214.4 271.6 241.8 197.8 
2002 86.6 177.0 238.8 207.6 193.6 
2003 157.3 290.0 312.4 301.0 208.8 
2004 137.0 286.0 364.8 339.0 192.2 
2005 151.8 260.4 250.6 244.8 172.0 
2006 88.4 123.2 155.8 145.2 90.0 
150 
 
2007 75.8 157.6 262.2 245.2 223.8 
2008 139.6 233.8 171.8 299.6 160.0 
2009 153.4 236.8 269.8 262.8 194.8 
2010 177.8 283.0 374.0 376.2 202.4 
2011 102.2 201.2 221.8 220.0 169.8 
2012 136.4 257.0 372.4 382.4 243.7 
2013 218.8 313.8 318.2 281.0 292.7 
Table A2: Winter rainfall figures for stations analysed 1972-2013. 
 
 
SPRING RAINFALL (September – November) 
YEAR Cairn Curran Malmsbury Moorabool White Swan Wurdiboluc 
1972 91.5 127.9 180.8 148.0 114.9 
1973 215.4 324.7 312.5 290.1 187.2 
1974 172.2 278.2 302.8 260.0 213.6 
1975 326.4 469.0 419.0 411.0 304.2 
1976 178.2 260.4 348.4 331.8 299.8 
1977 73.8 104.0 151.0 143.2 113.4 
1978 146.8 244.6 339.6 300.2 303.8 
1979 193.5 312.1 339.8 285.8 232.0 
1980 118.8 194.8 272.2 258.2 219.4 
1981 114.2 133.8 237.6 246.8 173.2 
1982 32.3 68.8 158.4 147.8 98.6 
1983 202.2 285.0 345.8 327.0 306.0 
1984 107.1 173.9 264.6 282.6 174.4 
1985 154.7 197.2 254.8 265.2 152.8 
1986 154.0 247.6 302.8 254.8 222.8 
1987 101.4 148.1 234.8 205.2 145.4 
1988 122.4 234.6 278.1 230.2 184.8 
1989 121.5 206.2 321.6 283.2 207.1 
1990 97.8 134.4 227.2 241.4 197.7 
1991 90.6 146.6 201.0 181.6 148.3 
1992 264.2 376.8 408.2 380.6 258.7 
1993 232.7 348.2 423.8 378.0 246.7 
1994 70.7 97.6 196.2 196.8 167.2 
1995 152.2 167.2 269.0 181.5 300.5 
1996 140.4 223.6 286.4 295.0 160.5 
1997 162.0 213.6 259.0 239.4 189.8 
1998 131.8 196.4 293.8 236.2 196.2 
1999 144.9 166.8 209.4 178.4 125.6 
2000 265.4 331.2 375.2 329.6 240.0 
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2001 136.8 192.2 300.8 301.0 233.0 
2002 67.8 182.0 157.6 149.8 147.4 
2003 107.6 147.7 240.4 214.6 182.6 
2004 154.2 218.2 227.6 231.6 150.4 
2005 153.2 198.2 229.2 245.4 155.8 
2006 62.1 77.6 89.0 77.2 76.4 
2007 62.8 140.8 224.6 199.8 175.2 
2008 85.0 108.0 134.2 123.8 79.2 
2009 175.0 196.2 315.0 286.6 198.0 
2010 374.6 430.6 407.0 397.8 237.6 
2011 129.6 171.0 255.6 249.2 148.8 
2012 59.8 98.4 156.2 148.4 121.8 
2013 108.2 181.8 270.6 254.2 177.8 
Table A3: Spring rainfall figures for stations analysed 1972-2013. 
 
 
AUTUMN PAN EVAPORATION (March – May) 
YEAR Cairn Curran Malmsbury Moorabool White Swan Wurdiboluc 
1972 
 
216.1 252.5 284.0 259.0 
1973 243.1 177.5 227.4 228.0 239.8 
1974 
 
198.9 218.3 237.5 230.0 
1975 290.9 202.4 297.6 243.7 241.0 
1976 326.0 230.4 305.2 284.4 285.0 
1977 
 
237.0 242.8 231.8 248.2 
1978 
 
244.6 259.0 273.0 254.2 
1979 302.1 215.7 252.8 245.2 242.8 
1980 333.5 240.9 298.4 297.6 310.3 
1981 
 
233.3 270.8 269.0 264.8 
1982 297.1 230.1 280.8 275.6 295.2 
1983 276.8 226.1 237.4 212.4 268.2 
1984 
   
230.8 
 1985 324.0 228.4 258.8 253.4 319.4 
1986 
     1987 269.0 282.5 248.6 237.6 322.6 
1988 326.1 320.3 260.8 276.2 324.3 
1989 269.0 248.0 216.4 221.8 279.3 
1990 316.8 294.9 241.4 246.8 328.8 
1991 313.0 305.0 241.4 252.9 278.8 
1992 292.7 283.6 253.8 235.8 280.9 
1993 267.1 246.4 225.8 220.4 284.0 
1994 289.0 258.2 219.0 217.8 311.9 
152 
 
1995 263.9 265.6 211.0 217.7 295.6 
1996 239.0 215.8 209.6 196.2 267.6 
1997 274.4 256.0 216.4 203.0 286.2 
1998 284.1 275.8 232.8 248.0 309.0 
1999 275.2 253.2 226.2 231.4 288.6 
2000 175.2 232.6 248.2 248.8 352.8 
2001 269.6 237.9 217.6 227.6 288.0 
2002 312.0 262.4 249.4 236.3 277.6 
2003 279.1 267.1 239.4 220.4 288.4 
2004 303.8 287.8 271.0 249.2 285.9 
2005 316.2 273.4 273.2 258.9 325.5 
2006 285.2 255.3 228.0 229.8 308.8 
2007 317.4 283.5 267.0 263.8 345.4 
2008 322.2 262.6 267.2 261.0 317.3 
2009 306.2 252.4 214.6 217.3 266.6 
2010 316.2 210.4 228.2 208.0 262.8 
2011 222.2 189.0 173.9 164.2 234.4 
2012 251.4 219.7 203.6 193.0 285.4 
2013 325.7 270.1 267.4 232.4 347.8 
*Monthly pan evaporation values which are underlined and italicised have been 
subject to a correction factor prior to a bird guard being installed.  
Table A4: Autumn pan evaporation figures for stations analysed 1972-2013. 
 
 
WINTER PAN EVAPORATION (June – August) 
YEAR Cairn Curran Malmsbury Moorabool White Swan Wurdiboluc 
1972 
 
80.8 122.4 110.3 126.7 
1973 118.2 74.6 104.6 92.5 104.9 
1974 
 
78.4 78.8 86.3 137.8 
1975 132.8 79.6 89.2 111.1 135.6 
1976 130.4 
 
72.0 116.0 135.2 
1977 129.2 101.2 150.4 135.6 151.6 
1978 95.8 78.1 99.6 108.8 154.2 
1979 
  
113.6 103.6 
 1980 111.9 97.2 135.0 117.6 153.4 
1981 116.8 94.8 118.0 113.8 154.3 
1982 136.2 100.2 145.8 125.2 149.0 
1983 106.6 84.8 102.2 97.8 144.8 
1984 117.3 91.2 112.2 
 
162.4 
1985 118.5 77.2 120.4 99.6 172.8 
1986 
     
153 
 
1987 119.2 120.6 112.6 99.2 171.6 
1988 107.1 109.4 130.8 102.8 156.9 
1989 94.5 96.0 105.0 109.4 145.9 
1990 111.0 117.9 114.0 102.0 157.5 
1991 106.4 119.2 124.8 107.2 168.0 
1992 104.3 110.2 120.6 108.6 162.6 
1993 111.1 103.8 135.0 130.4 180.0 
1994 115.8 115.8 113.6 116.8 176.5 
1995 104.3 121.4 116.4 106.4 161.5 
1996 102.4 98.6 112.2 114.4 160.8 
1997 121.6 100.2 116.8 104.0 159.2 
1998 114.5 95.8 103.2 101.6 150.2 
1999 122.1 106.0 112.4 109.0 153.4 
2000 91.0 89.8 101.0 94.0 146.7 
2001 
  
121.2 107.0 154.8 
2002 142.0 111.0 145.9 124.0 162.2 
2003 119.0 110.1 130.2 108.4 178.2 
2004 117.4 86.3 121.6 100.4 164.4 
2005 111.2 105.0 115.6 108.2 175.4 
2006 132.6 113.9 104.0 102.6 146.2 
2007 116.8 103.4 117.0 117.2 173.6 
2008 112.4 
 
104.6 91.4 149.4 
2009 120.0 113.8 112.2 105.6 172.2 
2010 104.0 86.0 80.6 85.4 134.2 
2011 119.4 97.2 106.8 100.2 152.2 
2012 113.2 92.0 99.6 97.0 159.1 
2013 107.0 97.8 98.6 88.0 174.1 
*Monthly pan evaporation values which are underlined and italicised have been 
subject to a correction factor prior to a bird guard being installed.  
Table A5: Winter pan evaporation figures for stations analysed 1972-2013. 
 
 
 
SPRING PAN EVAPORATION (September – November) 
YEAR Cairn Curran Malmsbury Moorabool White Swan Wurdiboluc 
1972 404.9 310.5 341.3 363.2 421.1 
1973 301.1 244.2 277.0 294.1 328.1 
1974 
 
226.6 211.4 261.6 312.2 
1975 299.7 230.8 274.6 292.4 319.8 
1976 
 
262.0 263.2 294.0 333.0 
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1977 399.0 323.2 351.4 355.0 374.0 
1978 321.2 254.4 307.8 302.4 342.8 
1979 307.8 251.0 300.2 233.6 355.8 
1980 376.1 291.5 350.8 346.0 389.6 
1981 386.3 299.0 333.8 325.6 384.8 
1982 524.9 382.1 381.8 400.6 462.6 
1983 301.2 255.5 264.6 269.0 338.2 
1984 382.6 
 
324.2 299.6 371.4 
1985 370.7 260.0 273.0 292.4 374.2 
1986 310.4 263.4 
   1987 383.4 352.7 328.2 311.0 434.4 
1988 376.5 335.0 335.7 327.6 461.6 
1989 331.8 304.6 295.2 287.2 363.3 
1990 389.2 358.2 326.0 305.6 372.5 
1991 375.9 349.6 318.2 305.4 350.3 
1992 267.3 273.2 252.4 238.4 305.7 
1993 291.8 287.7 291.2 283.6 360.7 
1994 377.3 343.0 290.4 271.4 351.6 
1995 310.7 307.4 280.1 225.4 338.3 
1996 335.6 316.4 309.4 269.3 381.4 
1997 366.8 328.4 298.6 315.4 349.4 
1998 355.3 282.4 292.8 287.8 372.6 
1999 335.2 285.6 285.6 278.0 353.6 
2000 320.4 261.8 267.2 255.2 352.6 
2001 317.3 257.8 269.2 266.8 301.4 
2002 442.6 326.4 359.2 329.8 367.4 
2003 346.6 287.8 286.0 265.0 324.8 
2004 
 
277.0 295.0 259.2 360.2 
2005 328.6 270.4 300.0 282.4 370.2 
2006 455.9 398.9 388.2 373.0 437.0 
2007 437.7 343.7 330.2 319.0 383.0 
2008 396.0 322.8 318.4 326.6 390.4 
2009 400.2 321.4 324.2 310.9 370.4 
2010 300.8 260.8 247.8 240.8 314.0 
2011 365.0 295.4 293.0 262.4 351.8 
2012 383.8 322.4 322.8 302.4 352.8 
2013 349.6 290.2 307.8 257.6 346.5 
*Monthly pan evaporation values which are underlined and italicised have been 
subject to a correction factor prior to a bird guard being installed.  
Table A6: Spring pan evaporation figures for stations analysed 1972-2013. 
 
